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ABSTRACT 
_________________________________________________________________ 
 
Membrane technology has emerged as a viable means of water purification with 
advantages such as low cost, energy efficient, high removal efficiency and 
environmentally friendly production. The membrane that is considered ideal should 
provide improved stability, higher selectivity, higher flux, and resistance to chlorine 
and fouling. However fouling, low hydrophilicity and low flux remain challenges 
facing this technology. In this study Polyethersulfone (PES) membrane was used as 
a support for thin film composite membrane (TFC) and was adjusted by controlling 
fabrication processes, which are commonly recognized by adding additives that 
includes organic and inorganic materials and also by altering controlling fabrication 
parameters. Zeolitic imidazolate framework-8 @ graphene oxide (ZIF-8@GO) 
composites at different concentrations (0.1, 0.5, 0.9 and1):1 were synthesized and 
characterized using SEM, TEM, XRD, BET, TGA, FTIR and Raman instruments 
before they were embedded on top thin layer of polyamide-thin film composite (PA-
TFC) membranes. PA-TFC membranes were prepared successfully using m-
Phenylenediamine (MPD) and trimesoyl chloride (TMC) as monomers whereby 
composites (GO, ZIF-8, ZIF-8@GO) were dispersed into aqueous solution of MPD 
over PES support layer via interfacial polymerization process. Thereafter the surface 
morphology, cross section and surface roughness were characterized using SEM 
and AFM microscopes before reverse osmosis application. The membranes 
incorporated with composites resulted in lower surface roughness, higher fluxes, 
higher salt and dye rejection as compared to the pure PES. In addition membranes 
with lower surface roughness displayed a better fouling propensity than pristine PES 
and TFC membranes.    
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CHAPTER 1: 
INTRODUCTION 
 
 Problem statement 
Due to the rapid rise of populaces and global water pollution that is caused by the 
acceleration of industries, change in economic climate and infrastructure 
development, the demand for clean drinking water has also increased 
tremendously. This has led to growing concerns over access to safe drinking water. 
It is predicted that several countries will face extreme water crisis by the year 2025 
[1].  
Seawater accounts for 97% of water resources worldwide, while merely 3% of the 
surface water on earth account for freshwater. 
 
Figure 1.1: Distribution of water on earth[2]. 
  Chapter 1: Introduction 
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Utilizing seawater straightforwardly for day by day life could be an issue since it 
contains organic matter and unacceptable levels of saltiness. Consequently, 
desalinating seawater is a great and obvious option in contrast to finding another 
source of clean freshwater [3]. However, desalination is costly and consumes a lot 
of energy.  
The release of different types of dyes from industries such as food, textile, 
papermaking as well as printing produces enormous amounts of dye-wastes. Once 
these dye-wastes enters water bodies, it is not easy to treat them as they are 
originally synthetic and they have a molecular structure that is complex which makes 
them more difficult and stable to biodegrade [4]. Therefore, economical and effective 
technologies for recycling wastewater are of great importance.  
Conventional methods presently accessible for dye removal such as adsorption, 
chemical degradation, biodegradation, photo-degradation, coagulation, and 
oxidation have limitations and drawbacks such as low removal efficiency, producing 
sludge that is toxic and not appropriate for large scale applications and also many 
synthetic dyes are not biodegradable. In order to curb this problem, membrane 
technology has emerged as a viable alternative means of wastewater purification 
with advantages such as low cost, energy efficient, high removal efficiency and 
environmentally friendly production with a high degree of purity [5-7]. However, 
fouling, low hydrophilicity and low flux remain challenges facing this technology [8-
10]. Fouling, which is the aggregation of particles onto the surface layer of the 
membrane is the main problem facing the widespread utilization of this innovation 
as it can affect the quality of water produced and cause flux decline and decrease 
the lifespan of the membrane [11-13]. This can lead to high operating costs of 
membrane treatment plant [14]. 
 
1.2  Justification 
Water scarcity and water pollution are the major problems facing the world today. 
Therefore, many water treatment methods have been developed and are available 
in an attempt to curb this problem [15]. There are numerous ways to overcome these 
problems such as water recycling or re-use, development of new infrastructure and 
  Chapter 1: Introduction 
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desalination methods. However, conventional methods that are currently available 
for purifying wastewater are costly and generally ineffective [16]. 
Membrane technology has emerged as a viable method as compared to low 
efficiency wastewater treatment techniques, specifically physical methods (i.e. 
adsorption, coagulation/flocculation), biological methods (e.g. algae and fungi) and 
advanced oxidation (i.e. electrochemical, catalytic, and chemical treatment) [17]. 
This technology has been used for its potential efficiency for desalting, rejection of 
heavy toxic metals and dyes among other applications [18].  
More than 50% of desalination plants globally are currently using reverse osmosis 
desalination technology. The use of this technology is growing annually to produce 
the required freshwater resources as human population grows [19]. Development of 
thin-film composite (TFC) membranes are the best well-known membranes for 
nanofiltration (NF) and reverse osmosis RO processes. However, they experience 
difficulty when it comes to chlorine degradation, fouling that leads to flux decline, 
low selectivity performance, membrane degradation, frequent membrane cleaning, 
and high energy consumption that result in high RO operation costs [12, 20]. 
Functional nanomaterials such as graphene oxide (GO), zeolites, metal organic 
frameworks (MOFs), carbon nanotubes (CNTs), etc. are being incorporated into an 
ultrathin polyamine layer to improve its properties. In this study zeolitic imidazole 
framework-8 and graphene oxide hybrid materials have been chosen because of 
their excellent properties [21]. Graphene oxide has excellent mechanical property 
which can make the mechanical strength of the composite membrane to be strong 
[22]. When compared to physical and biological adsorption, it has several 
advantages which include simple operation, high efficiency and simple operation 
[23]. Since it possesses oxygen functional groups, high porosity, outstanding 
mechanical strength, and thermal stability, studies revealed that it has the ability to 
effectively remove adsorptive cationic dyes and heavy metal ions from wastewater 
[24, 25]. ZIF-8 on the other hand has benefits such as exceptional thermal and 
chemical stabilities, high porosity, abundant active surface sites and high surface 
area making it a favorable candidate to get rid of pollutants in wastewater [26].  
  Chapter 1: Introduction 
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Weakness in the performance of membranes has encouraged their improvement 
with new materials and structures that impart both membrane permeability and 
higher selectivity. Reducing fouling and improving chemical stability are the main 
objective of this study [5]. Working in this area will focus on modifying the thin top 
layer of the PA-TFC RO membranes by incorporating GO and Zeolitic imidazole 
framework-8 (ZIF-8) since the hybrid exhibit large surface area, high textural 
properties, and porosity of crystals is tunable via control over the quantity of GO 
[27]. 
1.3 Aim of the study 
The aim was to synthesize and characterize ZIF-8@GO materials and use them as 
fillers in the preparation of thin film composite membranes which consists of 
polyethersulfone as a support layer and top layer made of polyamide for the removal 
of salts and dyes.  
 
1.4 Objectives of the study 
The objectives of this study were as follow; 
 
i. GO was synthesized via the improved Hummer and Offerman method and the 
resulting GO nanoparticles was characterized using Fourier Transform 
Infrared Spectroscopy (FTIR), X-ray Diffraction spectroscopy (XRD), 
Transmission Electron Microscopy (TEM), Scanning Electron Microscopy 
(SEM), Raman spectroscopy, Brunauer–Emmett–Teller (BET) and Thermo-
gravimetric analysis (TGA) techniques. 
ii. ZIF-8@GO composites were synthesized and incorporated into polyamide 
layer of thin film composite (TFC) membrane. The resultant ZIF-8@GO 
composites were then characterized using Raman spectroscopy, FTIR, XRD, 
TEM, TGA, and BET. 
iii. ZIF-8@GO TFC membranes were prepared using interfacial polymerization 
technique on the top surface of commercial Polyethersulfone (PES) 
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membranes. The synthesized ZIF-8@GO TFC membranes were 
characterized using FTIR, SEM, and Atomic Force Microscopy (AFM). 
iv. Membranes performance were assessed through pure water flux, flux recovery 
and solute rejection experiments in either a dead-end cell or cross flow or cross 
filtration cells. 
  
 Dissertation outline  
The following dissertation outline gives a brief explanation of the content of chapters 
to follow: 
Chapter 2  
This chapter gives literature of the overall study. Detailed literature on membrane 
technology is discussed. Current water treatment technologies for the removal of 
the dyes and salts are also reviewed in this chapter. The limitations of these 
methods of water treatment are given and an alternative treatment as represented 
by PA-TFC RO technology is discussed in detail. Moreover, literature on 
incorporating ZIF-8@GO into thin top layer of TFC membranes is discussed in this 
section of the dissertation. 
Chapter 3   
Experimental and analytical procedures used in this study for the preparation and 
analysis of GO, ZIF-8 and ZIF-8@GO TFC PES composite membrane materials are 
discussed in this chapter. 
Chapter 4 
The experimental results and discussion on the preparation, characterization and 
performance of the resultant materials on the removal of salts and dyes from 
simulated wastewater are discussed in detail in this chapter.  
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Chapter 5 
 
This contain the summary of pertinent results and outcomes of the study as well as 
present future recommendations on the project extension. 
References: All literature cited in this dissertation is listed at the end of chapter 5. 
Appendix: Consists of raw data and other supporting results obtained during this 
study. 
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CHAPTER 2:  
 LITERATURE REVIEW 
 
 Introduction 
Over the past years, the emission of contaminants into the environment has 
increased due to the rapid population growth and industrialization [1]. Besides other 
needs, water demand in domestic, industrial and agricultural sectors has increased 
tremendously consuming about 8, 22 and 70% respectively of available clean water 
resources. This has led to large volumes of wastewater in the environment having 
a number of various ‘pollutants'. Heavy metal ions, dyes, organic pollutants are 
some of the classes of aquatic pollutants and once they enter water bodies, water 
is no longer safe for consumption by organisms as these pollutants are often very 
dangerous [29,30]. Therefore, the need to provide water treatment technologies that 
are of low cost and more effective to fulfill public health and address environmental 
concerns for clean water is now urgent. 
 
2.2  Pollutants in water 
2.2.1 Dyes in waste water bodies  
Among the majority of organic pollutants, dyes are one of the dominant water 
solutes. This is because they are used in a wide variety of industries such as leather 
tanning, paper, food, carpet, plastics, rubber, cosmetics, and textile. It is estimated 
that about 7×105 tons of dyes with over 10 000 types of commercial dyes are 
produced annually across the globe [31]. Colored wastewater containing dye is toxic 
and can lead to environmental issues by posing a threat to human and aquatic life. 
During the process of synthesizing dyes, salt like NaCl is produced therefore 
weakening the pureness of dye products [32]. There are about 20-30 different 
groups of dyes which are divided according to their chromophores. Among them, 
triarylmethane, anthraquinone, phthalocyanine and azo (monoazo, diazo, triazo, 
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polyazo) dyes are the most important [33]. Seventy percent weight basis of the 
overall world production is represented by azo dyes and these pose serious health 
problems to human-kind when present in water and also damage the ecosystem 
[34, 35]. Among the azo dyes present in wastewater, methyl orange and methylene 
blue have been mostly used in the textile industries and therefore constitute a higher 
degree of contamination in water systems [36]. This study, therefore, focuses on the 
removal of methyl orange dye and methylene blue (Figure 2.1) from dye-polluted 
wastewater.  
 
 
Figure 2.1: Structures of organic dyes of concern in this study. 
2.1.1.1 Treatment methods for the removal of dyes  
Water purification technologies such as chemical treatment, biological degradation 
and physical processes [37] have been implemented for the removal of dyes from 
coloured wastewater [4, 38], however, they cannot remove azo dyes entirely from 
wastewater because of their resistance to degradation, stability, and colour 
fastness. These treatment methods are briefly discussed hereunder. 
2.1.1.1 (A) Biological degradation 
 
Various biological techniques have been utilized for removing organic pollutants 
from wastewater. These methods are categorized into aerobic and anaerobic 
processes and they include algae [39] or bacteria and fungi [40]. These biological 
Methyl orange Methylene blue 
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treatments have been found to be environmentally friendly and cheap as compared 
to other methods.  
 Various bacteria species such as Pseudomonas aeruginosa, Pseudomonas 
putida, Lysinibacillus fusiformis, Corynebacterium glutamicum, Comamonas 
testosterone, P. monteilli, P. plecoglossicida and Aeromonas hydrophila 
have been used for the removal of methylene blue dye [41], Malachite green 
dye [42], Rhodamine-B dye bacteria [43], Crystal violet dye [44, 45] and 
Safranin-O dye [46] with efficiency removal of up to 82%, 96%, 56%, 94%, 
and 70% respectively. 
 Selvam.K et al., (2012) conducted experimental studies using white rot fungi 
schizophyllum commune and lenziteseximia to decolourize methyl orange, 
Erichrome black-T and congo red. On the 5th day, he observed 
decolorization of 76.15% & 55.92% in textile dye effluent during batch and 
continuous mode when using schizophyllum commune. Furthermore, he 
observed 75.23% & 54.60% decolorization in textile effluent when using 
lenziteseximia during batch and continuous mode [47]. 
 Algae, one of the classes of micro-organism has also been used for the 
removal of dyes as bioadsorbent. Cosmorium, Euglena, and Chlorella 
species have been used for the removal of Malachite green dye with 91%, 
87%, and 92% efficiencies, respectively [48]. However, these series of 
anaerobic and aerobic biological methods [49] have difficulties in removing 
color from wastewater because of many synthetic dyes are not biodegradable 
[50].   
 
2.1.1.1 (B) Physical processes 
Physical methods used for the removal of dyes are known as coagulation-
flocculation, adsorption, and membrane filtration processes [48].  
A. Coagulation-flocculation processes have been used mainly to remove 
disperse dyes and sulphur however their coagulation-flocculation capacity is 
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very low for direct, acid, vat and reactive dyes. Moreover, a large amount of 
sludge produced and low color removal efficiency are the limitations that 
restrict the application of these methods [51, 52]. 
 
B. Adsorption methods are other popular methods used for the removal of dyes 
and due to their higher efficiency for the removal of a wide range of dyes they 
have attracted considerable interest. Various low-cost adsorbents such as 
industrial waste, agricultural waste, and naturally found materials have been 
tested to perform the decolourization process [53].  
 
i. Industrial waste is one of the major pollutants which lead to various types of 
pollutants being released into rivers, lagoons, drains, and dams. Such 
wastewater if not treated may lead to harmful diseases. Colored wastewater 
contains high biological oxygen demand (BOD) and chemical oxygen 
demand (COD) values, color that can be observed at low concentration, toxic 
compound and suspended solids [54]. However industrial low-cost 
adsorbents such as fly ash, activated carbon, metal hydroxide sludge, coal 
ash, etc. have been examined to decolorize colored waste water [55, 56]. 
Examples of industrial waste materials used as adsorbents for color removal 
in dye wastewater are as follows:  
 Fly ash is known as one of the by-products produced by industries and has 
been tested for the removal of Safranin-O dye, Malachite Green dye Crystal 
violet dye with the efficiency of 0.2%, 17% and 93% using NaOH modified fly 
ash [57]. Fly ash major components are residual carbon, calcium oxide, iron 
oxide, alumina-silica and magnesium oxide [58].  
 Activated carbon is one of the most popular material/substance used for 
decolorization of dyes from colored effluent [59]. However, dyes that are 
soluble in water like reactive dyes and acidic-basic dyes do not get freely 
adsorbed on carbon while those which their solubility is less in water 
demonstrates the slow rate of adsorption on carbon content. These are due 
to the non-polar nature of carbon vs. polar nature of these dyes [59]. 
Activated carbon developed from Enteromorpha Prolifera has shown 131.93, 
71.94 & 59.88 mg.g-1 adsorption capacities for Reactive Blue 4, Reactive 
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Blue 171, and Reactive Red 23 as reported by Deshuai sun et al., (2013), 
also activated carbon developed from Durian seeds has shown 48% and 29% 
efficiency for Malachite Green and Methylene Blue[47, 60]. The one prepared 
from coal and oil palm fibers for the removal of Malachite Green dye showed 
adsorption efficiency of 33% for 15% [61, 62].  
ii. Agricultural waste materials such as fruits and vegetable peels and seeds 
are some of the adsorbents that are easily available, cheap and capable of 
removing dyes from wastewater [63]. These wastes are composed of 
cellulose and lignin and are used as adsorbents due to their chemical 
properties and specific structure. Aldehyde, alcohol, ketone, phenol, and 
carboxyl available in their polymer chains are specific functional groups that 
assist in removing pollutants from wastewater [64].  
 
 Casuarina equisetifolia contain lignocellulosic material that plays a role for 
the adsorption of pollutant material. Also known as Australian pine tree that 
can be easily processed into powder form has been tried as an adsorbent for 
the removal of Rhodamine-B dye and achieved a dye removal efficiency of 
8.2% [65, 66].  
Annona squamosal seeds have been investigated as an adsorbent material 
for the removal of Methylene Blue and an adsorption efficiency of 9% was 
observed [67].  
 Naturally occurring adsorbents such as zeolite, coal, chitin, peatmoss, clay 
etc. are some of the adsorbents which have been used successfully to 
remove dyes from wastewater [68]. Examples of naturally occurring 
adsorbents for color removal in dye wastewater are stated below.  
 Clay is one of the natural adsorbents that has been utilized for decolorization 
of dyes in wastewater. It has been found to have high sorption capacity, high 
mechanical and chemical stability, large surface area and low permeability 
[68]. Clay surface which possesses a large number of cations and anions 
have exchangeable ions that are important in adsorption phenomena [69]. 
Removal of Rhodamine-B, Safranin-O and Malachite Green dyes with 
adsorption efficiency of 5%, 2% and 7% were achieved using Kaolin clay [46]. 
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83% and 99.9% adsorption efficiency were achieved for Rhodamine-B and 
Methylene Blue when Bentonite Clay was used [70]. 
 
 Another naturally found adsorbent that has been used for the removal of 
various dyes is known as Peat.  This material has high adsorption capacity 
for many pollutants and is relatively inexpensive. Its main components are 
humic acid, cellulose, and lignin. Their polar functional groups which they 
bear make them attractive agents for decolorization of dyes in wastewater 
bodies. This porous adsorbent material with the large surface area has been 
tried for the removal of Rhodamine-B obtaining removal efficiency of only 8% 
respectively [70].  
These adsorption methods usually produce sludge that is toxic and are not 
appropriate for large scale applications [71]. 
C. Membrane technology with techniques such as microfiltration (MF), 
ultrafiltration (UF), nanofiltration (NF), and RO provides a promising results 
of removing dyes from wastewater. This technology offers advantages such 
as high selectivity, no phase change, normal operating temperatures, high 
efficiency and simple operation [72-74]. NF and RO membranes have been 
used for the advanced wastewater treatment due to their high rejection rate, 
however high operation pressure caused a serious concentration polarization 
and high energy consumption [75]. MF and UF membranes showed lower 
energy cost and operating pressure as compared to NF and RO but because 
of large pore size they possess, their separation efficiency was not ideal. A 
membrane that is ideal for wastewater treatment possesses two advantages 
which are the high rejection capability for NF and RO and the operating cost 
for MF and UF. By embedding adsorptive materials such as CNTs and GO 
on the surface of MF and UF, results showed a removal capability of 
pollutants [76]. These membranes have a separation efficiency that is 
excellent when operated at low pressures, hence when they are compared 
to conventional membrane techniques they possess more advantages in 
equipment requirements, fouling control, operation cost, and process 
management [77]. However, membranes become inactive after long term 
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process due to the accumulation of pollutants on adsorptive materials, 
therefore, reaching absorptive saturation [78].  
 
2.1.1.1 (C) Oxidation processes 
Oxidation method is one of the conventional methods that have been used for the 
removal of dyes from wastewater. This method involves oxidizing agents such as 
permanganate, hydrogen peroxide and ozone to enable decomposition or 
destruction of dye molecules [52]. These oxidizing agents assist in modifying the 
chemical composition of a group of compounds, therefore, dye molecules become 
vulnerable to degradation. Methods such as Fenton's process, use of hydrogen 
peroxide and ozonation are some of the chemical methods used in decolorization 
of dyes [79]. Examples of ozonation are stated below: 
 Hydrogen peroxide (H2O2) is widely used to remove dyes from wastewater 
because of its friendly oxidant, also it is commercially available and cheap. It 
can either be used in combination with UV radiation or with the catalyst or 
directly for the oxidation process [80, 81]. Formation of OH radicals results 
from H2O2 undergoing reaction with the hydrated electron from water 
radiolysis reaction.  
H2O2 + e-aq -------› OH* + OH 
The degree of decolorization when H2O2 has added increases with the 
presence of OH radical and the formation of OH radical leads to degradation 
of dye chromophore efficiently [82]. Methylene blue and Rhodamine-B dyes 
were investigated and the removal efficiency of 86% and 99% were observed 
with this reagent. However, these methods cannot oxidize some organic 
pollutants [83, 84].  
 Ozone is identified as the most powerful oxidant commercially available and 
is found to be effective in decolorization of colored wastewater. Moreover, it 
is capable of oxidizing phenols, chlorinated hydrocarbons, and other 
hydrocarbons. It is a method that is environmentally friendly and also capable 
of destroying pollutants directly by oxidation without leaving any harmful 
residues [85]. There are two steps involved in its reaction mechanism. Firstly, 
the reaction occurs at 5-6 pH value, where ozone is available in the form of 
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O3 and thereafter undergoing double bond reaction of dye molecules. 
Secondly, the reaction occurs at pH above 8, where ozone freely undergoes 
decomposition, therefore, forming hydroxyl radicals that end up reacting with 
organic compounds. The removal efficiency of about 98% was observed for 
Rhodamine-B with this method. Even though it has advantages such as the 
application of ozone in its gaseous state and no sludge residue but it has 
barriers such as short half-life and high cost [86].  
Processes that are advanced such as catalytic degradation, electrochemical 
treatment and chemical oxidation are expensive for practical application [87].  
2.2.2 Salts in water and wastewater 
Seawater accounts for 97% of water reserve on earth and has a salinity of about 35 
000 to 40 000 parts per million (ppm) consisting of total dissolved solids (TDS). 
Using saline water directly for our everyday life is a problem since it has 
unacceptable levels of salinity and organic pollutants whereby they pose a threat to 
human and aquatic life. World Health Organization (WHO) allows 500 ppm or 
sometimes 1000 ppm in certain cases considering the indicators related to drinking 
water quality [3]. 
 
2.2.2.1  Treatment methods for salt removal in water bodies 
Desalination process involves separation of dissolved salts from saline water to 
produce fresh water [90]. This process is capable of bringing this TDS down to the 
approved limit and has also served as a viable option to offer clean water in many 
countries. Desalination is divided into thermal and membrane processes.  
 
2.2.2.1 (A) Thermal process  
This process removes salts through phase change process such as freezing and 
distillation method. This process is divided into vapor compression distillation (VCD), 
multi-effect distillation (MED), and multi-stage flash distillation (MSF) [77].  
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 MED is a distillation process that has been considered as the most efficient 
process used for sea water desalination [91]. It uses the principle of 
condensation and evaporation in multiple effect or stages and it is capable of 
operating at low concentration (<1.5 g/gal) and low temperatures (<70⁰C) to 
avoid scaling and corrosion [92]. Even though it’s efficient, problems such as 
excessive corrosion of metal tubes and scaling have negative effect on how 
thermal distillation will perform, which can lead to higher operation and 
energy consumption [92] [93].  
 MSF involves the use of distillation over a series of stages. It is divided into 
heat-rejection section, heat recovery and heating section.  It is a process 
whereby feed water is distilled by flashing water into a series of stages [92]. 
Advantages about this process is that it produces good quality water and it 
can be applied for large scale seawater desalination. However it requires lots 
of water for production and cooling, large energy input and high maintenance 
requirements [94]. 
 VCD is a distillation process whereby sea or saline water is heated and then 
the superheated vapor is acquired by the application of heat delivered by 
compressed vapor. This technique comprises of three components which are 
the preheater, the evaporator and the mechanical compressor[95]. VCD can 
either be used by itself or in combination with other techniques such as MED. 
This technique usually comes in small units with a variety of configurations 
and it is often used at power plants, remote on-shore locations, oil and gas 
off-shore platforms, hotels and industries. Highest availability (> 90% of 
yearly hours), lowest overall water production costs, simple operation & 
maintenance and high distillate purity are the advantages offered by this 
technique [96]. However it also has its drawbacks such as process 
complexity and high investment cost [97]. 
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2.2.2.1 (B) Membrane technologies  
They are subdivided into two groups: reverse osmosis and 
electrodialysis/electrodialysis reversal (ED/EDR) [92].  
 ED is a separation method that is electrochemically charge-driven. This 
method uses electric potential to selectively drive ions with a negative or 
positive charge and cast-off ions of the opposite charge through ion 
permeable membrane [98]. Majority of dissolved salts found in sea or saline 
water are ions (either cations or anions). The anions move towards the 
anode, pass through the anion exchange membrane and are rejected by the 
cation-exchange membrane and vice versa for cations (positively charged) 
creating a process flow with high ion concentration (Concentrate)  and 
process flow with low ion concentration (Dilutant) [99]. 
 EDR is a technique in which electric potential current is applied to electrodes 
to attract salts dissolved in water through ion permeable membrane to 
separate dissolved salts from the saline or brackish water. There are two 
effluents produced by EDR which are high salinity concentrate and low 
salinity product. In the EDR process, the polarity reversal helps to breakup 
slimes, scales and subsequently reduce fouling such that higher water 
recoveries can be achieved [99]. This technique offers advantages such as 
operating at low pressure and built-in chemical‐free scaling and fouling 
prevention due to reversal process, however, it can only remove ions but not 
microorganisms and organic contaminants [100]. 
 State of the art membranes that are usually used are reverse osmosis (RO) 
and nanofiltration (NF) processes due to their high salt rejection. Most of 
these membranes are TFC membranes that consist of a thin PA layer and 
porous support with the potential of separating inorganic salts and pollutants 
from wastewater [4]. RO desalination is the most successful treatment 
process that uses a membrane separation method to produce low salinity 
portable water, fresh water from sea water or saline water. The semi-
permeable membrane is used as a barrier to restrict salt molecules and allow 
water molecules to pass through. This process uses pressure to force sea or 
saline water containing contaminants through semi-permeable membrane 
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[101]. RO has higher water recovery and it is capable of removing other 
contaminants as compared to other methods, however, it requires extensive 
feed water treatment to limit membrane fouling and scaling and also high 
pressure to reach high salt rejection [100]. 
2.3  Membrane Technology as a treatment option 
Among the technologies for water treatment and wastewater remediation, 
membrane separation offers an effective and viable alternative compared to other 
treatment protocols. This section goes into detail regarding this technology 
specifically since the work reported in this dissertation deals exclusively on 
membranes for water treatment. 
In the 1960s dynamic membranes were developed as a possible means of purifying 
water with the development performance of synthetic membranes [102]. Various 
techniques or methods have been developed for removing pollutants such as 
organic pollutants from water which include perchlorates, herbicides, insecticides, 
detergents, fats, grease, chlorinated solvents, etc. and inorganic solutes which 
include heavy metal ions, fertilizers and acidity caused by industrial discharges, etc. 
from contaminated water. As energy efficient and an environmentally friendly 
separation method, this technology has become the fastest-growing industry which 
plays a unique role in a variety of domains which include the food industry, dyestuff 
industry, brackish water [103], seawater [104], desalination, pharmacy, 
biotechnology and oily industrial wastewater treatment [105]. Furthermore, the 
domestic sector has benefited from this technology through the drinking water 
purification unit [106]. Recycling of water, scarcity of water, and environmental 
requirements are some of the circumstances, which request a high demand of this 
technology in a multitude of applications. However, due to limitations such as their 
high costs, non-recyclable character, lacking selective adsorption, anti-compaction, 
and anti-fouling properties, poor hydrophilicity, and low chemical resistance in 
dynamic applications make them less interesting [107]. Amongst all drawbacks 
stated above, fouling remains the major obstacle for efficient membrane operation. 
Fouling, which is divided into reversible and irreversible fouling is formed by the 
  Chapter 2: Literature Review 
33 
organic and inorganic compounds on the exterior surface and within the passages 
of the membrane [108], which leads to several harmful effects including the 
permeate flux decline, high operation costs which result from high energy 
consumption and frequent cleaning of the membrane [109]. The high removal 
capacity, the flexibility of operation, less energy requirement, compliance with 
environmental regulations and low operational cost are some of the advantages of 
this technology over conventional counterpart technologies, such as distillation or 
media filtration, condensation and crystallization [110]. Furthermore, this technology 
is also ecologically friendly as it does not need the use of chemicals that are harsh 
or chemical reagents which imply low cost, energy-efficient, and environmentally 
friendly production with a high degree of purity [111]. The membrane that is 
considered ideal should provide improved stability, higher selectivity, higher flux, 
fouling and resistance to chlorine attack. Furthermore, it should be chemically inert, 
thin and mechanically strong throughout its life service in order to maintain 
permeability, retain a high rejection rate and be less prone to fouling [112]. 
Membrane processes are based through a semi-permeable membrane under 
enormous pressure. 
 
2.3.1 Pressure driven membranes 
Pressure driven membrane filtration are commercially classified as ultrafiltration 
(UF), reverse osmosis (RO) [113], microfiltration (MF), and nano-filtration (NF) [106] 
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and a schematic diagram representing this is shown in Figure 2.2 together with their 
nominal pore sizes.  
 
Figure 2.2: Schematic diagram representing the different types of membranes 
according to pore size [34]. 
 
2.3.1.1 Microfiltration membranes 
MF membranes, with an average of 0.1 - 10 µm pore size are porous hydrophilic or 
hydrophobic, made to separate impurities from a liquid (aqueous or organic phase) 
and gas phase under a low pressure of <2 bar. Microfiltration membranes are 
generally used as a pre-treatment process for other separation methods such as 
ultrafiltration and nanofiltration [114]. Because of its pore size, this membrane will 
be able to remove suspended solids, oil mixtures, and some bacterial species whilst 
species such as salts (e.g. chloride or sodium ions), colloids, viruses, and low 
molecular weight organic compounds will still be able to penetrate.  
2.3.1.2 Ultrafiltration membranes 
UF is a process where all low molecular weight compounds such as water, 
monovalent ions, and divalent ions pass through the membrane (pore size of 0.1-
0.01 µm) and high molecular weight compounds with a molecular cut-off of 300-500 
000 Da such as suspended solids, viruses and bacteria are retained. Therefore low 
applied pressures of around 1-10 bar are sufficient to achieve high flux rates from a 
  Chapter 2: Literature Review 
35 
UF membrane [115]. Owing to its outstanding advantages such as excellent 
separation efficiency, low energy consumption, and easy maintenance, it has 
received wide acceptance in the membrane technology field [116]. This membrane 
can retain particulates ranging from macromolecular to molecular scale with pore 
sizes of around 0.01 micron (UF) and 0.1 microns (MF) and their operation can be 
done at a wide range of temperatures [117]. 
2.3.1.3 Nanofiltration membranes  
Nanofiltration membranes are referred to as an intermediate between ultrafiltration 
and reverse osmosis that rejects molecules which have a size ranging from 1 - 10 
nm at a pressure of about 5-35 bar [118,119].  The advantage about NF is that it 
can reject nearly all viruses, range of salts, most of the organic pollutants and 
divalent ions that cause hard water. Based on its potential to separate monovalent 
and multivalent ions, or organic solutes with a molecular weight ranging from 200 to 
1000 g.mol-1, nanofiltration is a promising market for the future.  However, 
separation factors are often insufficient since it cannot separate soluble elements 
from water which limits its potential [120]. 
2.3.1.4 Reverse osmosis 
RO is a process in which contaminants are pushed through a semi-permeable 
membrane with pore size ranging from 1-0.1 nm under high pressures of 15-150 
bar. They are non-porous membranes which are capable of rejecting particulates 
and many other species with low molar mass such as monovalent ions, divalent 
ions, virus, bacteria, and suspended solids. The limitations of this technology are 
the extensive use of pre-treatment, low resistance to oxidizing agents (e.g. chlorine), 
and fouling which lead to increase in osmotic pressure and resulting in high energy 
cost [116]. Compared to other filtration methods RO has a greater advantage as it 
removes most of the particulates that other filtration techniques can't remove [121].  
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2.3.2 Membrane materials 
Membrane materials are one of the active fields that researchers are focusing on 
among the investigations in membrane separation. Synthetic membranes are being 
explored and commercialized for domestic and industrial uses. Membranes can be 
fabricated from different materials such as organic (polymeric) and inorganic (liquid, 
metal, ceramic) and composite materials although polymeric materials are being 
researched extensively due to chemical stability, mechanical strength, and flexibility 
[122].  
 
2.3.2.1 Liquid membranes 
Liquid membranes (LMs) are another type of dense membranes which are made-
up of non-rigid materials. They are divided into three categories namely: emulsion 
(ELM), bulk (BLM) and supported (immobilized) (SLM or ILM).  They are of low cost 
and are the type of membranes with the best efficiency as they do not operate under 
any external driving force such as pressure or voltage but are based on the 
difference in chemical energy as a driving factor of the process [123]. LMs have 
diverse applications such as gas separations, recovery of fermentation products, 
removal of organic compounds, recovery of toxic metals and other biological 
systems [115]. Their drawback is that they cannot maintain long term stability 
because they tend to dissolve or evaporate in the phases which come in contact 
with them [124].  
 
2.3.2.2 Metal membranes 
Metal membranes (MMs) are categorized into porous and dense membranes and 
can be made from sintering metal powders such as palladium, tungsten or stainless 
steel then placing them onto a porous substrate. MMs have been widely used for 
beverage, food, drug, medical and water filtration applications, 
chemical/petrochemical processing, gas/solid and liquid/solids separations and 
solid-phase extraction [125]. Their advantage over polymeric and ceramic 
membranes is that they are resistant toward high temperature, ease of sealing, 
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integrated processing, and their mechanical strength. The main drawback for these 
membranes is surface poisoning [126].   
 
2.3.2.3 Ceramic membranes 
Ceramic membranes are microporous and often used for MF and UF. They are 
fabricated from a range of inorganic materials such as titanium, zirconia and 
aluminium oxides and silicon carbide [127]. They are primarily limited to the 
pharmaceutical, food and beverage industry also gas separation due to their high 
cost (e.g., ≥$1,000/m2 vs $100's/m2 for polymeric counterparts) [128]. They possess 
several advantages over polymeric membranes such as easy to clean, better 
resistance to fouling, lower maintenance, higher chemical, and thermal stability 
[10,129] which make them usable in high-temperature membrane operations [130]. 
However, drawbacks such as their brittleness which requires careful handling, high 
sensitivity to a temperature gradient, which leads to membrane cracking and high 
cost are obstacles in their widespread use [131]. 
 
2.3.2.4 Polymeric membranes  
Polymeric membranes (polyamide, polyethersulfone, cellulose, polysulfone, and 
polyamide etc.) are normally applied in wastewater treatment and drinking water but 
they lack temperature and chemical stability [132]. Polymer membranes possess 
many advantages as they have achieved a significant position as a high processing, 
low-cost means of separating non-destructive components from liquid mixtures. 
However, despite availability of technologies, numerous challenges such as 
incompatibility of polymeric membranes in many solvent systems, short membrane 
lifetimes, energy consumption, low-temperature resistance, contaminant 
permeation, high pre-treatment costs, managing treatment residuals, low selectivity, 
low thermal and chemical stabilities, and low selectivity fouling of membranes in 
most of the available modules, are some of the current challenges facing this 
technology [132].  Regardless of these limitations, membrane technologies are 
making progress rapidly in water treatment schemes and process intensification 
[133]. Table 2.1 shows the comparison of these membrane materials. 
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Table 2.1: Comparison between different types of membrane material. 
 
Properties Liquid membranes Metal 
membranes 
Organic 
membranes 
Inorganic Membranes 
Material non-rigid materials sintering metal 
powders such 
as tungsten or 
stainless steel, 
palladium 
Glassy or rubbery 
type membranes 
based on the 
operating 
temperature 
Inorganic materials i.e., 
ceramic, glass, silica, etc. 
Characteristics   Flexible in rubbery 
state and rigid in 
glassy form 
Mechanically robust, 
Chemically and thermally 
stable, operational under 
harsh feed condition  
Advantages High selectivity, energy 
efficient [134] 
resistant 
toward high 
temperature, 
ease of sealing, 
integrated 
processing and 
mechanical 
strength 
Easy processability, 
Cost-effectiveness, 
excellent selectivity 
Ability to be sterilized and 
autoclaved, withstand 
harsh chemical cleaning, 
high temperature (up to 
500℃) and wear 
resistance, high chemical 
stability well-defined and 
stable pore structure, high 
cost, long life time 
 
 
2.3.3 Composite membranes 
A composite material is made by combining two or more basic materials that often 
have dissimilar chemical and physical properties, however, when combined they 
yield a material with different characteristics from the individuals since they do not 
dissolve or blend into each other. Most of the composite materials are made up of 
just two materials; reinforcing material which is a dispersed phase and the matrix, 
which is a continuous phase. Matrix material includes polymer, inorganic metal and 
non-metallic matrix composites materials with the different matrix materials and the 
reinforcing material include fibrous materials such as organic fiber, glass fiber, etc. 
[135]. Composites materials have been produced to improve combinations of 
mechanical characteristics such as toughness, stiffness and high-temperature 
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strength [136]. Different methods for fabricating composite membranes (Figure 2.3) 
have been discovered in the past years. The examples include sol-gel method, 
physical blending method, interfacial polymerization method, layer-by-layer 
assembly method, infiltration method, in-situ polymerization method and chemical 
atomic layer deposition method, etc. [137]. Due to their ease of application, 
widespread availability of materials, greater attention is on the sol-gel method and 
physical blending methods.  
 
Figure 2.3: Three methods for making composite membranes [137]. 
2.3.3.1. Polymer composite membranes 
Polymer composite membranes are made through a combination of a polymer as 
the continuous phase which is called matrix and additive which create dispersed 
phase. Alternatively, composite materials can also be defined as a combination of 
inorganic and organic phases [129]. One such composite membranes are fabricated 
through using the organic polymer as the matrix and inorganic fiber as the 
reinforcement filler. Normally, fibers are the main load-bearing component because 
of their modulus and strength are much more than the material of the matrix. 
Though, there are matrix material with excellent linkage properties to link fibers 
firmly together. Furthermore, at the same time, this material can transfer loads of 
fiber and also assist to uniformly allocate the applied load. Certain properties of the 
composite material mostly depend on the matrix’s characteristics. As a result, matrix 
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performance, fiber, and the interface between them directly have an effect on how 
the composite materials will perform.  
 
Another way of forming a polymer composite mixed matrix membranes is by 
modifying the polymers with highly selective inorganic fillers such as silica, zeolites, 
(MOFs), porous titanosilicates, and carbon nanomaterials [138]. 
  
2.3.3.2 Characteristics of polymer matrix composite membranes 
There's a wide range of composite materials with different characteristics. As 
compared to traditional materials, polymer matrix has become the most widely used 
and fastest growing composite materials today. Due to their inherent characteristics 
such as high specific modulus, high specific strength, multi-functional performance, 
good damping characteristics, good fatigue resistance, good processing technics, 
high damage tolerance, anisotropic and tailored properties [135], these make them 
the favourite in the area of membrane technology.   
2.3.4 Polymeric nano-composite membrane matrix 
Polymer nanocomposite membranes are modified type of membranes which are 
prepared by mixing polymer matrix and nano-sized fillers (Figure 2.4) in order to 
enhance performance such as fluxes, high perm selectivity and moreover they have 
good fouling resistance in comparison with the pristine polymeric matrix membranes 
[139][140]. Nano-fillers/nano-materials used in nano-composite membranes are 
classified into hybrid materials (two or more material types), i.e. biomaterials, 
organic material, and inorganic material. Nano-particles such as graphene oxide, 
carbon nanotubes, TiO2, Mg(OH)2, SiO2, ZnO, clay, Al2O3 etc. serve as nano-scale 
fillers to improve the polymeric material performance. One can change solution 
rheology, control membrane morphology and alter phase inversion by incorporating 
nano-size fillers in the polymer solution prior to the membrane fabrication. These 
membranes are divided into two types; Blended nano-composite membranes and 
Thin-film nanocomposite (TFNC) membranes.  
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In blended nano-composite membrane, polymer along with nano-particles are 
dispersed in casting solution before membrane can be casted. Whereas, in TFNC 
membranes, nanoparticles are embedded onto the thin film PA layer through self-
assembly by depositing or dip-coating them on prepared support layer [141].  
 
 
Figure 2.4: Formation of polymer nano-composite membranes [141]. 
 
 
2.3.4.1 Modification of nanocomposite membranes 
Nanocomposite membranes are classified as thin-film nanocomposite membranes 
and mixed matrix nanocomposite (MMNC) membranes. MMNC is a polymer matrix 
that consists of a nano-dispersed inorganic material [142]. Several factors such as 
selecting the correct inorganic filler as well as the polymeric matrix and the removal 
of interfacial defects amongst the two phases are what makes the development of 
MMMs to be successful [143]. The difference between the two is that MMMs are 
completely nano-dispersed membranes that are prepared by incorporating 
inorganic materials into polymer matrix while TFNC membrane is a nano-dispersed 
PA layer fabricated on top of a support layer [144]. Fortunately, the distinctive 
structure properties of PA-TFC RO membranes provide unlimited possibilities and 
platform to create the tailoring through different kinds of approaches, such as 
incorporations and surface modifications. These membranes can be adjusted by 
modifying the top thin layers and/or sublayers, which can be understood by using 
two routes individually. Firstly, the top thin layer and the support layer (PES) can be 
adjusted by altering fabrication processes, commonly recognized by adding 
additives including organic and inorganic materials and also by altering controlling 
fabrication parameters. Furthermore, this top thin layer can also be modified by 
altering the composition of synthesizing monomers. Secondly, both layers can be 
Polymeric membrane                  
(matrix) 
 
Nano-materials 
 
Polymer nano-composite 
membrane 
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adjusted by either surface grafting or surface coating modification, which is the 
useful approach to fine-tune the surface of the membrane [145].  
 
2.3.5 Thin film composite (TFC) membranes 
The composite membranes in thin films consist of two layers that are distinct: the 
thin top layer that does the selection of materials which infiltrate through the 
membrane and the bottom layer that is thick (100-300 μm) provides mechanical 
support to the top thin layer (0.1-5.0 μm). TFC membranes are commonly known as 
RO and nanofiltration (NF) membranes in which the top thin layer may be made of 
polyamide or polyimide and polysulfones or polyethersulfone as the support layer. 
Among numerous membrane structures, PA-TFC membrane has extremely 
dominated in commercial market for (RO) and (NF) applications due to its excellent 
properties such as withstanding temperatures that are very high, stability over larger 
pH range from 5-13 and being more stable to high pressure compaction and 
biological attack [146]. PA-TFC RO membranes usually consists of three layers: the 
top thin PA layer with the thickness of ~200 nm, which plays a major part in 
controlling membrane performance (water flux, fouling, salt rejection and chlorine 
resistance), followed by PSF or PES sublayer with ~250 µm thickness that provides 
interfacial polymerization (IP) with platform at which this IP is used to produce PA 
layer and lastly non-woven fabric with thickness of ~120 µm which offers mechanical 
strength. This composite structure (three layer) provides PA-TFC RO membranes 
with separation properties that are excellent and they include higher rejections, high 
water permeation, and mechanical strength which can withstand varied operating 
circumstances and high pressures as compared with other membranes techniques 
[147]. 
  
2.3.5.1 Fabrication of PA-TFC RO membranes 
During the fabrication of PA-TFC membranes, interfacial polymerization (IP) 
monomers such as acyl chlorides and immiscible amine are used [147]. The 
mechanism of these membranes is diffusion controlled and made-up of three stages 
[148]. Firstly, precipitation of polymers at the interface between two immiscible 
  Chapter 2: Literature Review 
43 
solvent and thereafter the polymerization and then simultaneously the formation of 
the film at this interface [149, 150]. Secondly, amines in the aqueous phase (m-
phenylenediamine in distilled water) diffuse to the organic phase (trimesoyl chloride 
in hexane) and the film develops perpendicularly to the organic phase [151]. Thirdly, 
thickness increase and film density inhibit the diffusion of the monomers and 
interfacial polymerization (IP) [150]. The mechanism which controls diffusion 
decides the dual structures and the depth heterogeneity of PA layer which consists 
of a dense layer topped by a looser layer, which has been proven by both 
experimental approaches [152] and simulations [153]. Since the roles of the amines 
diffusion are indicated by the mechanism, the support on which amines spread 
would certainly disturb the process of IP and so as the structures of the PA layer. 
There are variables that directly influence the structure of TFC membranes which 
are material properties, operation method, and fabrication apparatus. Below in Table 
2.2 are the three variables that that have an effect on the structure of PA-TFC 
membranes [152]. 
Table 2.2: Variables that influence the structure of PA-TFC membranes. 
 
Non-woven fabric                     Porous support                                  PA active layer 
 Permeability 
 Orientation                          
 Thickness                        
                                             
                                             
                                                                                                                                
                                                                                                                                                                         
 
 Concentration, 
composition and 
temperature of casting 
solution 
 Temperature and 
composition of
coagulation bath
 Casting speed    
 Thickness of casting     
 Surface treatment                                                                                                                                                                                      
 Concentration and type of 
monomers and solvents 
 Reaction type    
 Additive types and concentrations  
 Temperature and curing time   
 Washing conditions and materials         
                                                                                     
2.4 Graphene oxide based nano-adsorbents 
Graphene-based nanomaterials can be classified as graphene, reduced graphene 
oxide (RGO) and graphene oxide (GO) are well-known in the field of science as 
interesting nanomaterials that serve as efficient adsorbent due to their electrical, 
large specific surface area, thermal, and super outstanding mechanical properties 
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[154,155]. Graphene is a substitute for carbon nanotubes (CNTs) and an ideal 
material for the treatment of water. Graphene-based materials are utilized as 
adsorbents and may offer several advantages as compared to CNT. GO is a 
compound that is made up of carbon, oxygen and hydrogen molecules and it is 
artificially synthesized by Hummers and Offerman method. Because of excellent 
mechanical property that GO possess, the mechanical strength of the composite 
membrane can be reinforced. Furthermore as compared to physical and biological 
adsorption, it has advantages such as simple operation, high efficiency, and simple 
operation. Since it possesses a large surface area, studies revealed that it is 
effective for adsorptive removal of cationic dyes and heavy metal ions from 
wastewater.  Basal plane of GO may be improved with various oxygen-containing 
functional groups, such as carboxyl, hydroxyl, epoxide, and carbonyl groups, which 
according to the Lerf–Klinowski model [156] are likely found at the edges of the 
sheet. These oxygen functional groups on GO permit surface-modifications that can 
be utilized to improve functionalized GO-based membranes with better performance 
in separation [157]. 
 
2.5   Graphene oxide membranes 
The membrane materials performance is one of the main issues in the development 
of membrane separation technology, therefore, nanomaterials such as nano-silver 
[158], carbon nanotubes (CNTs) [159], nano-titanium dioxide [160], nano-silica [161] 
and aquaporins have been used to improve membranes performance and result in 
optimal structures. A variety  materials which includes metal-organic frameworks 
(MOFs), graphene-based materials [162], layered silicates, MXenes, transition 
metal dichalcogenide [163], layered double hydroxides, and covalent organic 
frameworks were considered for producing separation membranes, however 
graphene-based materials are the most studied among these nanomaterials when 
preparing mixed-matrix membranes, nanoporous membranes and multi-layered 
membranes [164].  
Different methods which include layer by layer (LBL) deposition, drop casting, spin 
coating, and vacuum filtration have been used to fabricate GO membranes from GO 
nanosheets [165]. Membranes made by drop casting and LBL methods have the 
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ability to stabilize electrostatic interactions and covalent bonding between GO 
interlayers and also are scalable and cost-effective, whereas those which are made 
from vacuum filtration method have weak bonding in between nanosheets 
depending on the spacers including polyelectrolytes and nanoparticles [166]. GO 
membranes with asymmetrically located carbonyl, epoxy, hydroxyl and carboxyl 
functional groups retain a space throughout the process of drop casting which 
creates spaces between non-oxidized areas forming a chain of nano capillaries 
inside the film and thus water flux increases when used in the process of treating 
polluted water [167,168].  
 
2.6 Surface modification of PA-TFC RO membranes 
Surface modification has been used as an effective method to modify the surface 
and the interface of PA-TFC RO membranes. Surface characteristics such as 
charge density, hydrophilicity, roughness, helps on improving antifouling properties 
and chlorine resistance [169]. One of the most vital parameter in determining the 
efficiency of the fillers added as well as the final characteristics achieved is known 
as the dispersion of fillers within the host polymer matrices.  Various methods such 
as surface grafting and surface coating have been used extensively [170]. It has 
been proved that modification of the surface can effectively improve chlorine 
resistance and antifouling properties since most polymer membranes are sensitive 
to chlorine [171]. However, the surface modification that is currently used faces 
great challenges due to decline in permeation after surface modification, which is 
induced by extreme pressure of modification layers [172,173]. Hence, the 
exploration of novel surface modification technologies is of great importance 
because permeation can be retained while successfully improving chlorine and 
fouling resistance of such membranes [174].  
 
2.6.1 GO incorporated into the active polyamide layer of PA-TFC RO 
membranes. 
Fabrication of nanocomposite membranes which is normally done by including 
inorganic nanomaterials such as silica, zeolites (NaY, NaX), CNTs, titania, MOFs 
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and alumina into the polymeric matrix have recently brought attention because of 
their synergistic effect on both organic and polymeric materials [175,176]. 
Incorporating nanomaterials into the thin top layer (PA) has led to the fabrication of 
polyamide thin-film nanocomposite (PA-TFNC) membranes which have opened a 
new path for decreasing the energy consumption and further improve their 
separation properties [133]. As compared to other nanomaterials, GO is superior 
when comes to produce hybrid organic-inorganic membranes because of their 
distinctive nanostructures, mechanical and physical properties [145, 177]. Firstly, a 
functional group containing oxygen provide GO with enhanced distribution in polar 
or aqueous solvents. Secondly, the surface hydrophilicity will be enhanced after GO 
is embedded into the PA layer, which is favorable for the improved antifouling and 
permeability properties [178]. Thirdly, the incorporation of GO could effectively 
increase the mechanical properties of PA-TFC RO membranes. Two pathways can 
be used to incorporate GO into a top thin layer of PA-TFC RO membranes; e.g. 
firstly graphene oxide can be incorporated into PA layer through being diffused into 
the aqueous phase of m-Phenylenediamine (MPD) or secondly through the organic 
phase of trimesoyl chloride (TMC) [179,180]. When GO is incorporated in polyamide 
layer, surface morphology changes and also membrane surface hydrophilicity 
increases. Furthermore, this incorporation reduces the thickness of the polyamide 
layer [145,182,183]. Below is the schematic diagram showing the two pathways for 
incorporating of GO into polyamide thin film layer. 
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Figure 2.5: Schematic representation of GO interacting with MPD and TMC [82]. 
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2.7 Metal organic frameworks (MOFs) 
Over the last two decades, a new class of porous crystalline hybrid materials, which 
are normally known as metal organic frameworks (MOFs) emerged and has drawn 
a huge consideration owing to their distinctive characteristics such as large surface 
area, high thermal and chemical stability, tunable pore sizes, crystalline nature, 
extraordinary adsorption affinities, excellent optical nature, structure diversity and 
facilely tailorable functionality [184]. This field has improved rapidly and attracted 
researchers in the past two decades. These porous materials are made of metal 
ions bridged to organic ligands to form three dimensional structures [185,186]. 
Furthermore, they are considered hybrid porous solids since they have organic 
linkers that bridge the inorganic parts. MOFs have the most attractive feature which 
is their adaptability that allows researchers to modify features to design the perfect 
porous material [187].  
 
2.7.1 MOFs for water purification 
Since there has been remarkable progress in porous materials, MOFs have drawn 
global attention due to their highly functional properties. Also, organic molecules are 
the linkers of MOFs, therefore interaction between MOFs and polymer phase can 
occur without micro-gaps, which often cause losses in selectivity [189].   Moreover, 
the key to the success of these crystalline materials in a variety of application has 
been due to their regenerability and tunability properties. Their various applications 
in diverse areas of research have been proven, particularly in separation, 
purification and adsorption removal studies. As compared to other porous materials, 
MOFs have a relative advantage due to the performance of their open metal sites, 
different composition, and structure of pores, high porosity, and high specific surface 
area [190]. Lately, MOF-polymer based composite materials which include polymer 
supported MOF membranes and mixed-matrix membranes (MMM) have extensively 
been studied to enhance several intrinsic membrane properties of pressure-driven 
membranes [185]. 
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2.7.2 Characteristics of ZIF-8 MOF and its stability in water 
Zeolitic-imidazolate frameworks (ZIFs) are a subgroup of MOFs, which consists of 
the oxygen bridges by imidazolate-type linkers and tetrahedral transition metal ions 
(e.g. Zn, Co, Cu etc.). The discovery of ZIFs, a sub-family of MOFs was a break-
through in MOF based water treatment applications. They have attracted increasing 
attention especially because they have interesting properties owing to their 
structure. ZIFs represent the basic repeating unit of Si/Al-O-Si/Al in zeolites where 
typically transition metals (M) represents the role of silicon whereas the imidazolate 
(IM) anions form bridges which mimic the role of oxygen in zeolite frameworks. The 
angle made by Zn-Im-Zn around 145⁰ is the same as that of Si/Al-O-Si/Al. MOF 
Zeolitic imidazolate frameworks-8 (ZIF-8) emerged as most stable and most 
frequently studied representative of this group [191]. It is a type of MOFs which 
consists of pore sizes of 11.6 Å through 3.4 Å apertures [192] and it is coordinated 
by 2-methylimidazole and Zn2+. It has advantages of exceptional thermal and 
chemical stabilities, highly porous, abundant active surface sites and high surface 
area which is why it is a candidate or the removal of pollutants in wastewater bodies 
[193]. Many MOFs suffer from poor water stability. 
 
2.8 ZIF-8@GO nanocomposite 
Nanomaterials play a huge role in membrane technology, due to their distinctively 
tunable mechanical, large surface area, physical and chemical properties [194]. 
With its excellent properties, GO nanosheets are one such nanomaterial since they 
possess plenty of functional groups [195], and has developed as an ideal material 
for producing uniform and stable functional nanocomposite membranes with 
excellent antifouling properties, hydrophilicity, and high chemical stability [196]. GO 
has been extensively used in preparing composite materials with promising 
adsorptive properties because of its unique structure [27]. Also, the swelling of the 
membrane by organic solvent can be prevented by the incorporation of GO 
nanosheets, however, due to the strong barrier effect of solvent molecules 
containing GO nanosheets the permeate flux decreases [197]. Crystalline porous 
materials known as MOFs have also drawn extensive attention because of their 
  Chapter 2: Literature Review 
50 
exceptional properties such as high degree of crystallinity, large pore volumes, 
alterable pore functionalities, and an exceptionally high surface area. However, 
uniformity, size, and effective dispersion of ZIFs nanoparticle in a polymer matrix 
need to be enhanced [198]. Because of these limitations of both GO and ZIF-8, 
researchers have moved towards producing hybrid nanocomposite instead of 
searching for the available nanomaterials [199]. The incorporation of MOF and other 
materials can greatly improve stability and potential usage of MOFs, its chemical 
and physical properties, morphology and also kinetics of synthesis. MOF@GO 
nanocomposites such as HKUST-1@GO, ZIF-67@GO, ZIF-8@GO, MOF-5@GO, 
and MIL-53@GO were developed by embedding MOF particles onto GO sheets 
such that by combining advantages of the two can greatly improve the performance 
and antifouling properties of the membranes [200].  Owing to this combination 
(MOF@GO), advantages such as laminated structure, large pore volumes, alterable 
pore functionalities, and high surface area can be gained.  Moreover incorporating 
MOF particles onto GO sheets controls MOFs properties (structure, morphology, 
etc.) and eliminate aggregation of MOFs in the membranes and this is because of 
the coordination between metal ions and COOH groups of GO which can diffuse 
MOF particles evenly on the surface of GO [28,197]. This has led to the development 
of MOF-GO composite materials that possess properties from the two components 
in a synergistic manner. 
 
2.9 Summary 
From the literature review in this chapter, health risks associated with the presence 
of dyes and salts have been highlighted. The limitations associated with the current 
conventional treatment techniques for the removal of organic pollutants and salts is 
an ongoing concern. Several low costs adsorbents have been reported for the 
removal of dyes and also methods to desalinate saline water. Based on the 
literature, membrane fouling is a huge problem hence the incorporating ZIF-8@GO 
composites into the thin film composite membranes is expected to improve flux, 
rejection and antifouling properties and this is because of the excellent properties 
this hybrid.
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CHAPTER 3 
EXPERIMENTAL METHODOLOGY 
 
3.1 Introduction 
Chapter 3 provides a thorough discussion of the experimental procedures followed 
in order to achieve the objectives of this study. All the experimental and analytical 
procedures that were used in the study are presented herein. 
 
3.2 Experimental  
3.2.1 Chemicals and materials 
Graphite powder (20 µm, synthetic) used for preparing GO, Orthophosphoric acid 
(H3PO4, (85 wt%), Potassium permanganate (KMnO4), concentrated sulfuric acid 
(H2SO4, 98 wt%), Hydrogen peroxide, Ethanol (98 wt%), Diethyl ether, Hydrochloric 
acid (32 wt%), Hexane (95 wt%), 1,3-Phenylenediamine (MPD) and 1,3,5-
Benzenetricarbonyl trichloride (TMC), Zinc nitrate hexahydrate (Zn(NO3)2.6H2O, 
98%), methanol (MeOH, 98%) and 2-methylimidazole (2-mIM, 99%) and molecular 
sieves 4A (purified) used to dry moisture from hexane. All the above-mentioned 
chemicals were obtained from Sigma Aldrich (South Africa). Commercial 
polyethersulfone (PES) (LY PES 100 000Da) sanitary UF membranes were 
obtained from Synder filtration (USA) and used as a support for interfacial 
polymerization. All synthetic reagents were used without any further purification. 
 
3.2.2 Preparation of graphene oxide 
The GO prepared in this experiment was synthesized from graphene powder by an 
improved Hummers method [201]. For the improved method, a 9:1 mixture of 
concentrated H2SO4/H3PO4 (360:40 mL) was added to a mixture of graphite powder 
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(3.0 g, 1 wt %) and KMnO4 (18.0 g, 6 wt%), producing a slightly exothermic reaction 
raising temperatures to 35-40°C. The reaction temperature was increased further to 
50°C by heating and maintained at the set temperature for another 12 h under 
continuous stirring. The reaction was cooled to room temperature (RT) and 
subsequently poured onto ice (400 mL) containing 30% H2O2 (3 mL). The mixture 
was allowed to cool to room temperature and left so that the solid material settled 
and separated. This was subsequently filtered and the filtrate centrifuged (6000 rpm 
for 30 minutes), and the supernatant was decanted. The remaining solid material 
was then washed in succession with 200 mL of water, 200 mL of 30% HCl, and 200 
mL of ethanol (2×) for each wash. The material remaining after this extended, 
multiple-wash process was coagulated with 200 mL of diethyl ether and the solid 
obtained was vacuum-dried overnight at room temperature, thereafter mortar and 
pestle were used to crush it into a fine powder. A sample of 5.1g was obtained [201]. 
 
3.2.3 Preparation of ZIF-8  
ZIF-8 nanocrystals were synthesized by separately dissolving 3.0 g (10 mmol) of 
Zinc nitrate hexahydrate (Zn(NO3)2.6H2O) in 100 mL of methanol and 6.6 g (80 
mmol) of 2-methylimidazole (2-mIM) in 100 mL of methanol and then mixing the two 
solutions under vigorous stirring at 25°C for 1 hour. Then, the resulting white ZIF-8 
nanocrystals were centrifuged, separated, and washed twice with methanol and 
once chloroform. The white solid collected was dried at 65⁰C for 48 hours and 
weighed 2.6 g [202]. 
 
3.2.4 Preparation of ZIF-8@GO composites. 
The preparation of different concentrations of ZIF-8@GO 3D network was 
constructed according to the following steps. Firstly, 80 mg of GO was dispersed in 
a solution of (Zn(NO3)2.6H2O (0.7 g) in 40 mL methanol assisted by sonication for 
20 min, and then the resultant solution was stirred at room temperature for 3 hours. 
After that, a solution of 2-methylimidazole (2-mIM, 2.1 g) in absolute methanol (10 
mL) was added drop-wise to the above GO solution and stirred for further 5 hours 
at room temperature. After the reaction, the resulting network, ZIF-8@GO 
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composites, were centrifuged and washed with ethanol four times and subsequently 
dried at 60°C for 48 hours [197]. Table 3.1 represent the construction of ZIF-8@GO 
at different concentrations. 
 
Table 3.1: Composition of different concentration for the construction of ZIF-
8@GO composites. 
Additives GO 
(mg) 
(Zn(NO3)2.6H2O 
(g) 
Methanol 
(mL) 
2- 
methylimidazole 
(g) 
Methanol 
(mL) 
Yield 
obtained 
(g) 
ZIF-8@GO 
(0.1:1) 
80 0.07 4 0.21 1 0.02 
ZIF-8@GO 
(0.5:1) 
80 0.35 20 1.05 5 0.06 
ZIF-8@GO 
(0.9:1) 
80 0.63 36 1.89 9 0.9 
ZIF-8@GO 
(1:1) 
80 0.7 40 2.1 10 1.3 
 
3.2.5 TFC membrane preparation. 
 
The preparation of thin film nanocomposite membranes can be influenced by many 
conditions. Such aspects may include material selection, coagulation bath 
composition, and fabrication conditions. In this study, the commercial PES 
ultrafiltration membrane was used as the support to produce thin film composite 
membranes incorporated with different concentrations of ZIF-8@GO [1].  
Polyamide thin composite membranes were synthesized through a modified 
interfacial polymerization process. Ultrafiltration polyethersulfone (UF-PES) support 
membranes were pre-treated by soaking them in 0.5% of sodium dodecyl sulphate 
(SDS) overnight. The membranes were then washed with distilled water for 1 h and 
the pre-treated membranes were immobilized onto glass plates using double-sided 
tape. Thereafter, the aqueous solution of MPD (2% in 100 mL of distilled water at 
pH of 8 maintained by adding ammonium chloride) solution was poured onto the top 
surface of the UF-PES substrate and left for 30 min. Then, the surface of the 
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membrane was rolled with a soft rubber roller to drain off any droplets of the amine 
aqueous solution. Afterward, trimesoyl chloride TMC (0.4% in hexane (100ml)) was 
poured onto the support UF-PES sheet that was saturated with MPD and left for 60 
sec. The excess of the organic solution was removed off the surface, and the 
resulting TFC membrane was cured in the oven at 65°C for 15 min. The drying step 
was to provide a further polymerization and to attain the desired stability of the TFC 
membrane against high pressure. Finally; the resulting membranes were thoroughly 
washed and kept in DI water until used in carrying out application/performance 
studies [203,179]. 
 
Figure 3.1: Formation of PA layer based on trimesoyl chloride (TMC) and 1, 3-
phenylenediamine (MPD) through interfacial polymerization reaction 
[7]. 
For the preparation of composite TFC (GO, ZIF-8, ZIF-8@GO) membranes, the 
same procedure for preparation of TFC was followed, except the addition of 
ZIF8@GO (0.1:1, 0.5:1, 0.9:1 and 1:1) into the aqueous solution of MPD as 
illustrated in Table 3.2. All MPD/additives solutions undergo sonication for 30 min 
before the interfacial polycondensation reaction takes place [204]. 
Table 3.2: Preparation of M0-M7 membranes with additives (ZIf-8, ZIf-8@GO). 
MPD (wt %) TMC (wt %)             Sample                      Ratio Concentration 
(wt %) 
2 
2 
2 
2 
2 
2 
2 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
TFC (M1) 
GO (M2) 
ZIF-8 (M3) 
ZIF-8@GO (M4) 
ZIF-8@GO (M5) 
ZIF-8@GO (M6) 
ZIF-8@GO (M7) 
- 
- 
- 
0.1:1 
0.5:1 
0.9:1 
1:1 
- 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
 
 
TMC MPD 
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3.3 Characterization of GO, ZIF-8, ZIF-8@GO composites, PA-TFC 
membrane incorporated with different concentration of ZIF-8@GO. 
3.3.1 Fourier Transform Infrared Spectroscopy (FTIR) 
GO, ZIF-8, ZIF-8@GO composites (0.1, 0.5, 0.9, 1):1, commercial UF-PES 
membrane and membranes incorporated with different concentrations of ZIF-
8@GO were analyzed to identify functional groups in these composites/membranes 
using a Perkin Elmer Precisely spectrum 100 FTIR spectrometer against an air 
background. Prior analysis, the powder samples of GO, ZIF-8, ZIF-8@GO (0.1, 0.5, 
0.9, and 1):1 were prepared using 1:9 ratio of a sample and KBr. The samples were 
placed on the ATR and analyzed over the wave number range of 4000-500 cm-1. 
 
3.3.2 X-ray Diffraction Spectroscopy (XRD) 
X-ray diffraction (XRD) analyses of GO, ZIF-8, ZIF-8@GO composites (0.1, 0.5, 0.9, 
1):1, was performed at room temperature utilizing a D8 Advance diffractometer 
(X’Pert, Germany) with PSD Vantec1 detectors and Cu Kα radiation (λ= 1.5406) 
source, a tube voltage of 40 kV, a current of 40 mA and an SA 10 m slit. The samples 
were scanned in locked couple mode with 2θ increment in 0.5 s steps. The data 
obtained was interpreted using high score plus program. 
 
3.3.3 Raman Spectroscopy (RS)  
Raman Micro 200, Perkin Elmer precisely Spectrometer (Spectrum software) was 
used to obtain Raman spectra of GO, ZIF-8, ZIF-8@GO composites (0.1, 0.5, 0.9, 
1) using a laser beam of 5 mW. Prior analysis, the samples were ground to fine 
powder, and then placed on a glass plate. The spectra were recorded over a range 
of 50 to 3500 cm-1 using an operating spectral resolution of 2.0 cm-1. The spectra 
were averaged with 20 scans, at an exposure time of 4s. 
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3.3.4 Scanning Electron Microscopy (SEM)  
Scanning electron microscopy was used to study the surface morphology of GO, 
ZIF-8, ZIF-8@GO composites (0.1, 0.5, 0.9, 1), membranes incorporated with these 
composites and cross-sectional images of the membrane. The membranes samples 
were mounted on a carbon tape and coated with carbon for surface morphology 
analysis. For cross-sectional image analysis, the membrane samples were frozen 
in liquid nitrogen, fractured and coated with carbon. Scanning electron microscopy 
(SEM) micrographs were obtained at an accelerating voltage of 2 kV using a 
TESCAN Vega TC instrument (VEGA 3 TESCAN software), equipped with X-ray 
detector for energy dispersive X-ray analysis (EDX) operated at 5 kV. 
 
3.3.5 Transmission electron microscopy (TEM)  
Transmission Electron Microscopy (TEM JEOL, JEM-2010, Japan) at an 
accelerating voltage of 200 kV was also used to examine the prepared materials 
(GO, ZIF-8, ZIF-8@GO composites (0.1, 0.5, 0.9, 1)). A few milligrams of the 
samples were sonicated in approximately 5 ml of ethanol using an ultrasonic bath 
for 10 min. A few drops of the as-prepared sample specimens were placed on a 
carbon-coated copper grid and further mounted onto the exchange rod and placed 
in the TEM chamber for analysis. 
 
3.3.6 Atomic force microscopy (AFM)  
Atomic force microscopy (AFM, Nanoscale IV) with the spring constant of 0.12 N/m 
through the contact mode in dry air was used to characterize the surface 
morphology of PES, TFC, and PES/TFC composite membranes. All the membranes 
were dried for 24 hours at room temperature before the AFM analysis was 
performed. The technology was used to obtain roughness factors (Ra and Rq).  
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3.3.7 Thermogravimetric Analysis (TGA)  
The thermal properties and stability of as-prepared samples were determined using 
a TG-DTA, DT-40 (Shimadzu, Japan) instrument at a heating rate of 10°C/min in 
the temperature range of 25 - 800°C under nitrogen atmosphere. 
 
3.3.8 Brunauer–Emmett–Teller (BET) 
Brunauer-Emmett-Teller (BET) analysis was used to determine the surface area and 
pore volume of solids. The surface areas and pore volumes of the prepared samples 
were determined using an automated gas adsorption analyzer, Micrometrics ASAP 
2020. About 0.2 g of the samples were degassed using micrometrics degassing 
system at 150°C in nitrogen at a flow rate of 60 cm3min-1 for 4 h. 
 
3.3.9 Contact Angle Measurements  
 
The water contact angle measurements were conducted using the sessile drop 
method on a Data Physics Optical instrument (SCA 20 software). Ten drops of de-
ionized water were deposited on the surface of each membrane and the contact 
angle thereof measured to investigate membrane hydrophilicity and hydrophobicity 
at room temperature. 
 
3.3.10 Membrane performance measurement studies, i.e. pure water flux, 
solute rejection and BSA fouling assessment. 
Membrane performance parameters were assessed using pure water flux and 
solute rejection measurement of the thin film composite (TFC) membranes through 
the use of dead-end filtration system (Sterlitech Instrument) under applied nitrogen 
gas pressure. TFC membranes were then compacted with deionized water for 1 h 
at 1200 Pa for stabilization of flux before analysis. Five different pressures were 
used for the pure water flux studies, namely, 700 Pa, 800 Pa, 900 Pa, 1000 Pa, and 
1100 Pa. The flux was calculated using Equation 3.3.1: 
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    𝐽𝑤=
𝑉𝑡
𝐴
        (3.3.1) 
where Jw (L.m-2.h-1) is the pure water flux, V is the volume of the permeate (m3), t is 
the permeation time (h) and A is the effective membrane surface area (0.0013 m2). 
A bench conductivity meter was used to measure the salt concentration in the feed 
and permeate solutions before and after filtration respectively. The membrane salt 
rejection was then determined using equation 3.3.2, 
   R (%) = 1 −
𝐶𝑝
𝐶𝑓
× 100      (3.3.2) 
Where, Cp is the permeate concentration (ppm) and Cf is the feed concentration 
(ppm), respectively. 
 
After the membranes were subjected to pure water flux measurement (Jw,1) for 1 h, 
a 1000 ppm BSA solution was poured into dead end reservoir and the flux (JP) of 
the laden solution was obtained. After one hour filtration, deionized water was used 
to backwash membranes for 30 min in order to remove BSA loose bound on the 
surface of the membranes thereafter pure water flux (Jw, 2) was obtained. The flux 
recovery ratio (FRR) was calculated in order to evaluate the fouling-resistant 
capability of the membrane, using equation 3.3.3. [160]: 
 
   FRR (%) =  
𝐽𝑤2
𝐽𝑤1
      (3.3.3) 
The total fouling-resistance (Rt) of the membrane was determined using equation 
3.3.4 [205]:  
   Rt (%) = (1 −
𝐽𝑝
𝐽𝑤1
) × 100     (3.3.4) 
Reversible fouling (Rr) and irreversible fouling (Rir) were obtained using equations 
3.3.5 and 3.3.6, 
 
   Rr (%) = (
𝐽𝑤2−𝐽𝑝
𝐽𝑤1
) × 100     (3.3.5) 
 
   Ri (%) = (
𝐽𝑤1−𝐽𝑤2 
𝐽𝑤1
) × 100 = Rt - Rr    (3.3.6) 
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CHAPTER 4 
RESULTS AND DISCUSSION 
4.1 Introduction  
Polyamine-thin film composite membranes (PA-TFC) with PES as support were 
fabricated, analyzed using various techniques and subsequently assessed for 
performance using permeate flux, salt (NaCl, MgCl2, Na2SO4) and dyes (methyl 
orange and methylene blue) rejection. Membrane and nanocomposites synthesis, 
characterization and performance evaluation are discussed in this section. 
4.1.1 Synthesis of GO, ZIF-8 and ZIF-8@GO composites. 
Graphene oxide was synthesized using improved Hummer’s method, below is a 
graphical illustration of how it was achieved. 
 
Figure 4.1: Synthesis of graphene oxide. 
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4.1.2 Synthesis of ZIF-8 
ZIF-8 was synthesized at room temperature by mixing two solutions under vigorous 
stirring for 24 hours. Thereafter the mixture was centrifuged and washed with 
methanol and chloroform then dried for 48 hours. 
 
 
Figure 4.2: Synthesis of ZIF-8.  
 
4.1.3 Synthesis of ZIF-8@GO 
 ZIF-8@GO was synthesized at room temperature by sonicating GO into a mixture 
of CH3OH and Zn(NO3)2.6H2O, thereafter stir the mixture for 3 hours. Afterwards a 
mixture of CH3OH and Hmim also known as (2-mIM) was added to the initial mixture 
and stirred for 5 hours thereafter washed with methanol and dried. 
 
Figure 4.3: Structural illustration of ZIF-8@GO synthesis [228].  
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4.2 Characterization of GO, ZIF-8, and ZIF-8@GO composites 
4.2.1 Fourier transform-infrared (FTIR) spectroscopy   
FTIR analysis was used to confirm the presence GO and ZIF-8 through the 
identification of unique functional groups (Figure 4.4). In contrast with GO alone, 
after the growth or deposition of ZIF-8 onto GO surface, all composites exhibited a 
characteristic peak at 1727 cm-1 which are ascribed to carboxyl C=O stretching band 
[206]. Moreover, the C–O, O-H and skeletal C=C vibrations at 1120, 3422, 1648 cm-
1 are all assigned to or originate from GO in the 0.1:1 composite. These bands were 
however depressed or absent in all the other ZIF-8@GO composites. The major 
absorption bands in the other ZIF-8@GO composites are the vibrational modes of 
the 2-methylimidazolate ligand at 689, 756, 2928 and 1588 cm-1 which are attributed 
to the aliphatic and aromatic Zn-N, Zn-O, C-H and C=N, respectively [207][200]. The 
primary absorption bands for ZIF-8 and ZIF-8@GO are at 995 cm-1, 1145 cm-1 and 
1309 cm -1 corresponding to the C–N bonds in the imidazole group. This imidazolate 
band is absent in the 0.1:1 composite probably due to the small ZIF-8 content 
deposited onto the GO surface. Furthermore, the peaks at 757 cm -1  corresponds 
to the Zn–O bonds, and 697 cm-1, corresponding to Zn–N bonds, were ascribed to 
the ZIF-8 structure and these are similar to what Huang et al. observed [206]. The 
observed FTIR results, therefore, confirm that ZIF-8 nanocrystallites were 
successfully grown or deposited onto GO surface establishing strong interactions 
between the two components [208]. 
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Figure 4.4: FTIR spectra recorded for GO, ZIF-8 and ZIF-8@GO composite  
4.2.2 Scanning electron microscope (SEM) 
Figure 4.5 shows the morphology of the ZIF-8@GO composites as observed using 
SEM technique. It can be observed in Figure 4.5 (a) that, owing to intense interlayer 
interaction, the arrangement of layers in GO are no longer similar to the sheets and 
straight form of the original graphite indicating the successful exfoliation of graphite 
layers. This was evident as the edges and surface of GO became cockle and roughly 
shaped after the acidic treatment leading to exfoliation. In addition, SEM analysis of 
the 0.1:1 composite (Figure 4.5 (a)) showed that there was little or no obvious 
evidence of ZIF-8 crystallites on the GO surfaces which is attributed to the small 
content of ZIF-8 in this composites. In contrast, all the other composites (Figure 4.5 
(b'-d')) showed the presence of nanoparticles on the surfaces of GO support. In 
addition, Figure 4.5 (a'-d') show EDX spectra of the composites whereby elements 
present could be identified. The analysis performed indicated the presence of 
carbon and oxygen assumed to originate from the graphitic material in all ZIF-8@GO 
composites. Similarly,  Zn and N were distributed on the surface of GO indicating 
that ZIF-8 crystallites were dispersed uniformly thereon [209]. Furthermore, the EDX 
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spectra of the composites indicated that the observed intensity of Zn (in wt%) 
increased with increasing ZIF-8 content in the composites (Table:4.1). As with the 
FTIR analyses above, SEM and EDX result also confirmed the successful synthesis 
of ZIF-8@GO composites. Furthermore, the observed densities of the elements 
indicated that different functional groups due to these hybrids were in line with prior 
reports [210].   
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Figure 4.5: SEM images of ZIF-8@GO composites (a-d) and their respective EDX 
analysis (a'-d'). 
Table 4.1: SEM-EDX element analysis of synthesized composites. 
 
Sample  C O Zn N 
ZIF-8@GO(0.1:1) 
ZIF-8@GO(0.5:1) 
ZIF-8@GO(0.9:1) 
ZIF-8@GO(1:1) 
 
 
 
58.8 
55.4 
51.4 
57.3 
25.3 
10.9 
22.3 
9.5 
5.9 
17.4 
18.6 
15.4 
 
10.0 
16.4 
7.7 
17.8 
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4.2.3 Transmission electron microscope (TEM) 
Figure 4.6 shows that all TEM images were taken at 500 nm. The TEM image of 
graphene oxide material (Figure 4.5(a)) exhibits the sheet-like shapes as expected 
for GO. The unsupported ZIF-8 crystallites elucidated hexagonal shape, which was 
maintained further in the composite materials (Figure 4.6(b)-(f)) demonstrating that 
the structure of ZIF-8 is maintained even after deposition or on growing from the GO 
surfaces. These observations are in line with literature reports [211]. The successful 
growth/deposition of ZIF-8 crystals on the GO surfaces is attributed to hydrogen 
bonding interaction between the 2-methylimidazole ligand in ZIF-8 and the hydroxyl, 
carboxyl and epoxy groups present on GO sheets [212]. A secondary growth path 
is due to the free Zn2+ coordinating to the oxygen-containing functional groups of 
graphene oxide through electrostatic interactions or the metal–oxygen covalent prior 
to coordinating with the ligands leading to fast self-assembly onto GO sheets leading 
to ZIF-8 crystallite growth [210][200].  
(
d
) 
(
e
) 
(
f
) 
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Figure 4.6: TEM images of (a) GO, (b) ZIF-8, (c) ZIF-8@GO 0.1:1, (d) ZIF-8@GO 
0.5:1, (e) ZIF-8@GO 0.9:1, (f) ZIF-8@GO 1:1. 
 
4.2.4 X-ray Diffraction (XRD) analysis 
Powder XRD analyses were done to confirm the structure of GO and its hybrid 
materials with ZIF-8. Crystalline structures of the synthesized materials, i.e. GO, 
ZIF-8 and ZIF-8@GO (with different ZIF-8 content) are shown in Figure 4.7. The 
pattern of GO obtained via the improved method shows the intense peak at around 
8⁰ typical of GO was evidence of successful synthesis with no hint of the starting 
material (graphite). Intense peaks were found at 2θ of 7.6, 10.8, 12.9, 14.8, 16.9, 
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18.1, 24.5, 26.6, corresponding to (110), (200), (211), (220), (310), (222), (233) and 
(134) planes which are similar to what  Luanwuthi et al. found for their well-defined 
ZIF-8 crystals [206]. For the ZIF-8@GO composites, similar diffraction patterns 
found showed that adding ZIF-8 to GO destroyed crystalline structure of neither GO 
nor ZIF-8 [213]. The X-ray diffractogram for ZIF-8@GO composite indicated that as 
the content of ZIF-8 was increasing from 0.1, 0.5, 0.9 to 1 wt%, the intensity of GO 
peak was decreasing due to increase GO surface coverage by ZIF-8 crystallites. 
However, the 0.1 composite XRD pattern has no characteristic peaks of ZIF-8 and 
this was because of the small content of 0.1 wt% ZIF-8 [208]. This technique 
therefore also confirms that the nanocomposites were successfully fabricated in line 
with the other techniques in earlier subsections. 
 
Figure 4.7: XRD spectra of GO, ZIF-8 and ZIF-8@GO composites. 
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4.2.5 Raman analysis 
Figure 4.8 shows Raman spectra of GO, ZIF-8 and the ZIF-8@GO composites at 
four different ratios. This indicates that the G- and D-band of GO appear at 
1584 cm−1 and 1339 cm−1 respectively. The G-band arises from the stretching of the 
C-C bond in graphitic materials and is a significant characteristic of all sp2 carbon 
materials [214]. The D-band arises from the structural imperfections created by the 
attachment of epoxy and hydroxyl groups on the GO basal plane whereby the sp3 
defects are revealed within the hexagonal graphitic structure [215]. Raman 
spectrum peaks of ZIF-8 can be observed at 647, 692, 843, 957, 1031, 1155, 1193, 
1393, 1467 and 1516 cm-1. These are assigned to the methyl group and vibrational 
modes of imidazole ring in line with reported literature [207][216]. The bands found 
at 1467, 1155 and 692 cm−1 corresponds to methyl bending, C−N stretching and 
imidazolium ring puckering, respectively [210]. The Raman spectra of the 
synthesized composites materials shows that as the content of ZIF-8 increases, 
there is a concomitant shift in D and G bands as well as a drastic intensity increase 
of the D band; for instance, from 728 a.u (0.1:1), 782 a.u (0.5:1), 975 a.u (0.9:1) to 
4718 a.u (1:1). This observation is ascribed to the decrease in the mean size of the 
sp2 domains upon the increase of ZIF-8 content. As shown in Table 4.2, the 
intensity ratio between the D and G band (ID/IG) shows that as the content of ZIF-
8 increase, the value of ID/IG for ZIF-8@GO (0.1, 0.5, 0.9, 1):1 also increased 
confirming that ZIF-8@GO composites were synthesized  [217]. The growth of this 
ratio suggests that the amount of defects increased. 
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Figure 4.8: Raman spectra of (A) ZIF-8, (B) GO, (C) ZIF-8@GO 0.1:1; (D) ZIF-
8@GO 0.5:1; (E) ZIF-8@GO 0.9:1; (F) ZIF-8@GO 1:1. 
 
4.2.6 Branuett Emmet Teller (BET) 
Figure 4.9 shows the nitrogen adsorption-desorption isotherms for GO, ZIF-8 and 
ZIF-8@GO composites from which the BET surface area, pore volume, and pore 
size were obtained. According to IUPAC nomenclature, GO and ZIF-8 materials 
exhibit macroporous structure because of their pore diameter is greater than 50 nm, 
however, the hysteresis loop indicated the presence of mesoporous structures for 
both fillers [207],[218]. ZIF-8@GO composites showed a type IV isotherm with type 
H3 hysteresis loop [219]. This type IV isotherm observed for all four composites 
indicated that as the wt% of ZIF-8 in GO increased, the BET surface area increased 
with it whilst the pore size and pore volume decreased (Table 4.2) similar to previous 
reports [200].  GO exhibited a lower surface area of 21.93 m2g-1 compared to ZIF-8 
which had a much higher surface area of 987.37 m2g-1. The surface area of the 
composites was found to be slightly lower than the surface area of self-standing ZIF-
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8. This was due to the introduction of a lower surface area of GO leading to an 
overall decrease of the surface area in the composites.  The mesoporous nature 
together with the improved specific surface area makes ZIF-8@GO composites 
more ideal materials for water purification application [220]. The variations in the 
physicochemical characterization observed here are an indirect, positive indication 
that the nanocomposites were indeed synthesized in line with other techniques. 
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Figure 4.9: N2 sorption isotherms of GO, ZIF-8 and ZIF-8@GO composites. 
Table 4.2: BET measurements and Raman D and G band ratios of the prepared 
materials. 
 
Sample Surface area 
(m2g-1) 
Pore volume 
(cm3g-1) 
Pore diameter 
(nm) 
 ID/IG  
GO 
ZIF-8 
ZIF-8@GO(0.1:1) 
ZIF-8@GO(0.5:1) 
ZIF-8@GO(0.9:1) 
ZIF-8@GO(1:1) 
21.93 
985.37 
10.12 
471.91 
636.48 
575.69 
 
0.69 
1.12 
0.76 
0.44 
0.45 
0.39 
125.81 
4.53 
299.67 
3.69 
2.80 
2.72 
 1.02 
   - 
1.01 
1.01 
1.01 
1.08 
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4.2.7 Thermogravimetric analysis (TGA) 
Figure 4.10 represents thermogravimetric analysis results for GO, ZIF-8 and ZIF-
8@GO composites obtained under an N2 atmosphere [221]. The weight loss of GO, 
ZIF-8 and their respective composites all consisted of three thermal events. For GO, 
the initial weight loss was from 25°C to under 200°C was attributed to the removal 
of adsorbed water molecules. The second phase occurred between 180°C to 300°C 
and this was due to decomposition of the functional groups, i.e. carboxyl, epoxy, 
and hydroxyl groups, on the GO sheets. The third phase between 300°C and 400°C 
was due to the decomposition of GO hexagonal carbon rings [200]. For ZIF-8, It was 
observed that below 300°C, it presented a sharp mass weight loss, which was 
attributed to its structural collapse and decomposition of 2-mIM [222] [223]. As 
shown in TGA of ZIF-8@GO composites, with increasing the content of ZIF-8 [223]. 
The increased thermal stability of the composites might be a reflection of the strong 
interaction between the components which as observed in SEM and TEM images 
for all composites that ZIF-8 particles were well incorporated on the surface of GO 
sheet [224] [225]. 
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Figure 4.10: TGA curves of GO, ZIF-8 and ZIF-8@GO composites. 
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4.3 Preparation and characterizations of the PES (M0), PA-TFC (M1), GO 
(M2), ZIF-8 (M3), ZIF-8@GO (0.1:1) (M4), ZIF-8@GO (0.5:1) (M5), ZIF-
8@GO (0.9:1) (M6), ZIF-8@GO (1:1) (M7) membranes. 
 
The preparation of thin film nanocomposite membranes can be influenced by many 
aspects. Such aspects may include material selection, coagulation bath 
composition, and fabrication conditions. In this study, the commercial PES 
ultrafiltration membrane was used as the support to produce thin film composite 
membranes incorporated with different concentrations of ZIF-8@GO [1].  
 
4.3.1 Fourier Transform Infrared (FTIR) Spectroscopy 
Figure 4.11 showed the FTIR spectra of M0-M7 membranes. The M0 characteristic 
bands were found at 1585, 1493 and 1240 cm-1 attributed to the aromatic band, C-
C stretching, a benzene ring, and aromatic ether band functional groups [226][227] 
(Table 4.3). Furthermore, the same peaks were observed for all other TFC 
membranes except for the emergence of new peaks observed at 620 and 1320 cm-
1. These peaks were assigned to vibrations of the phenyl ring and C-N stretching 
vibrations [228].  The C-N stretching vibrations correspond to the amide structure of 
the PA layer during IP [229]. The peak intensity with the slight enhancement found 
at 1662 cm-1 may be allocated to the new amide linkages formed by the reaction of 
the –NH2 groups in MPD with –COOH groups in GO [230].Moreover, the new peaks 
found at 1072 and 1292 were observed for GO and were attributed to –C-O-C and 
–C-O stretching indicating that the surface of GO has some oxygen functional 
groups.  In addition, with the incorporation of GO, the peak intensity increment 
observed at 3061 and 3092 cm-1 was due to symmetric and asymmetric stretching 
vibrations of additional C-H bonds.  The FTIR spectra of ZIF-8 showed the most 
interesting Zn–N stretch mode was detected at 420 cm−1 [30]. Upon the 
incorporation of ZIF-8@GO, additional peaks which were observed attributed to the 
imidazole groups, proving that the ZIF-8@GO were well incorporated into the 
membrane. However, the majority of the peaks are masked by PES peaks due to 
their minute amount in the membranes [228]. 
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Figure 4.11: (A)FTIR spectra of M0-M7 composite membranes, B) FTIR spectra of 
M0,M1,M2 and M4 composite membranes,C) FTIR section 2000-
3500 cm-1, D) FTIR section 400-1750 cm-1. 
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Table 4.3: Peak characteristic of PES substrate and PA layer. 
 
Functional group Wavenumber position (cm-1) 
Polyamide layer 
   C=O stretching, Amide I 
   C-N stretching 
   Fermi resonance of Amide II overtone with N-H      
stretching 
   O-H stretching 
 
Pure PES 
   O=S=O stretching (symmetric)  
   C–O–C stretching (asymmetric)  
   O=S=O stretching (asymmetric)  
   CH3–C–CH3 stretching 
   Benzene ring  
 
1568 
1662 
3078 
 
3363 
 
 
1150 
1242 
1299 
1499 
1585 
 
4.3.2 Scanning Electron Microscopy (SEM) analysis 
4.3.2.1 SEM surface morphology of membranes. 
Surface morphology of M0-M7 membranes are shown in Figure 4.12. It was 
observed that the surface of pristine PES membranes is smooth with large 
micropores [231]. In figure 12 (b), it was observed that the surface became rougher 
with the addition of MPD (2 wt %) and TMC (0.4 wt %) through interfacial 
polymerization. With the addition of nanofillers into the thin film (Figure 4.12 (c)- 
(h)),the roughness of the membrane surface continued to increase [GO, ZIF-8, ZIF-
8@GO (0.1:1, 0.5:1, 0.9:1, 1:1)] [232] . These TFC membranes did not show any 
noticeable pores compared to the base membrane (Figure 4.12 (a)). This clearly 
confirmed that the thin film polyamide layer was successfully formed on the support 
membrane [233].   
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Figure 4.12: SEM surface morphology of (a) M0, (b) M1, (c) M2, (d) M3, (e) M4, (f) 
M5, (g) M6, (h) M7. 
Once more SEM-EDX analysis was used to determine the elements embedded 
on top of M0-M7 composite membranes in Figure 4.13. Only three peaks of C, O, 
and S were detected on the support and active layers of the Figure 4.13 (a), (b) and 
(c) membrane however the amounts or ratios of these elements was different [234]. 
It can be seen in TABLE 4.4 that GO membrane has the higher amount of oxygen 
and this finding could be attributed to the oxygen functional groups found in GO as 
expected compared to the other two membranes. Furthermore, it was observed in 
Figure 13(d) that a high amount of Zn and N, attributed to ZIF-8, was observed. PA-
TFC composites membranes in Figure 13 (e)- (h) showed the white particles-like 
were deposited on the surfaces of these composites membranes indicative of the 
presence of the nanocomposites in the thin film layer at higher loading [233]. This 
was confirmed through EDX as containing C, O, N, and Zn from ZIF-8@GO 
composites [234]. Moreover, Table 4.4 showed that as the content of ZIF-8 
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increased, there was an increase in the values of Zn and N as expected. These 
elements contributed to the internal scaling and probably increased minute defects 
at higher nanofiller loading between filler and matrix interface creating alternate 
pathways, in the thin layer of the membrane which possibly might explain the highest 
flux and rejection in this research. 
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Figure 4.13: EDX analysis of (a) M0, (b) M1, (c) M2, (d) M3, (e) M4, (f) M5, (g) M6, 
and (h) M7. 
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Table 4.4: SEM-EDX analysis of modified and unmodified membranes 
 
Sample C O S Zn N 
M0 
M1 
M2 
M3 
M4 
M5 
M6 
M7 
75.5 
74.4 
71.5 
58.8 
71.9 
70.7 
68.9 
70.8 
13 
15 
16.5 
25.3 
17.6 
14.7 
26.1 
12.7 
 
11.5 
10.6 
12 
- 
10.3 
11 
10.2 
9.9 
- 
- 
- 
5.9 
0.2 
0.2 
1.0 
1.0 
- 
- 
- 
10 
- 
3.4 
3.9 
5.5 
 
4.3.2.2 AFM analysis 
Atomic Force Microscope was used to obtain three dimensional (3D) AFM images 
of the fabricated membranes (Figure 4.14). The roughness parameters of the 
membrane surface calculated in terms of Ra and Rq (where Ra is mean roughness 
and Rq is the root mean square). As shown in Table 4.5, M0 (PES base membrane) 
showed the least number of nodule like surface with the highest surface roughness. 
Upon the formation of the polyamine layer on top of the support layer, the surface 
roughness seemed to have decreased as the nodule-like structures start to shrink 
[235]. However, after the nanomaterials were embedded, the nodule-like structures 
disappears and the formation of sharp peaks starts to appear. Furthermore, Table 
4.5 shows that as the concentration of ZIF-8@GO (0.1:1, 0.5:1, 0.9:1 and 1:1) was 
increased the surface roughness slightly increased, thus showing the effect of 
incorporating ZIF-8 onto GO [236]. Moreover, all membranes that were embedded 
with GO showed smoother membranes as compared to pristine PES with the Ra of 
less than 100 nm. This could be due to the following three factors according to 
previous works [168].  
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(1) Firstly, GO nanosheets tend to horizontally orient along the surface of the 
membrane because of the Langmuir–Blodgett film deposition when the PES 
support is removed vertically from aqueous solution. The m-
phenylenediamine (MPD) distribution tend to lead to the formation of ridges, 
while the GO nanosheets that is horizontally orientated would delay the 
distribution of MPD (aqueous solution) into TMC (organic solution) forming a 
smoother surface.  
(2) Secondly, the carboxyl, hydroxyl, epoxide functional groups of GO could 
react with the polyamide layer hence the competition between two monomers 
(TMC and MPD) would have an effect on the reaction. 
(3)   Thirdly, the GO hydrogen bonds from hydroxyl groups can improve the 
chain structure. 
The significant decrease of Ra/Rq was observed for M0 from 215.40nm/278.35 to 
M4 with 46.91/64.48 since it contained more of GO [3]. The fouling characteristics 
are strongly affected by the roughness of a membrane surface by swaying the 
adsorption or desorption of foulants on the surface of the membrane [236]. The 
characteristics of roughness are in line with fouling performance results obtained 
later (Figure 4.20) and with contact angle results obtained in (Figure 4.16) as well. 
 
Figure 4.14: AFM analysis of (a) M0, (b) M1, (c) M2, (d) M3, (e) M4, (f) M5, (g) M6, 
and (h) M7. 
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Table 4.5: Surface roughness parameters of M0-M7. 
 
Membranes Ra(nm) Rq(nm) 
M0 
M1 
M2 
M3 
M4 
M5 
M6 
M7 
215.40 
141.88 
90.09 
136.26 
46.91 
86.87 
71.53 
74.04 
 
278.35 
179.29 
121.70 
179.08 
64.48 
109.28 
98.51 
94.27 
 
4.3.2.3 Cross-section analysis of membranes 
Cross section SEM micrographs of the membranes are presented in Figure 4.15. 
When MO was compared to M1-M7, it was observed that the finger-like structure 
was relatively smaller than M1-M7 [237]. Membrane embedded with GO showed  a 
wider finger-like structure with new porous channels introduced in between the wider 
pores as compared to the M0 [238]. Indeed it was observed that by increasing the 
content of ZIF-8, there was a decrease in the microvoids in the composite 
membranes [239]. The membrane in Figure 4.15 (d) showed slightly broader and 
longer microvoids as compared to other composite membrane and this could be 
because of the small addition of ZIF-8 which did not have much effect to the 
hydrophilic GO content. However, membranes with a high amount of ZIF-8 had 
slightly smaller microvoids. With hydrophilic GO being added to the aqueous 
solution during IP, there could be an increase of the mass transfer rate between the 
solvent and non-solvent and thus favor pore formation [239]. This hydrophilic GO 
improved the water fluxes of the composite membranes. 
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Figure 4.15: Cross sectional images of (a) M0, (b) M1, (c) M2, (d) M3, (e) M4, (f) 
M5, (g) M6 and (h) M7. 
4.4 Membrane performance assessment of M0-M7 membranes. 
The fabricated membranes were first characterized with respect to their 
physicochemical properties prior to performance studies. Therefore, this subsection 
first looks into the hydrophilic/hydrophobic character, i.e. water contact angle, which 
is usually an indirect pointer to fouling propensity and permeate flux. Thereafter, the 
subsection will report on the permeate flux, fouling properties (i.e. flux decline rate 
and flux recovery ratio). The performance of membranes was analyzed by dead-end 
cell and the results of pure water flux at five different pressures (700, 800, 900, 1000 
and 1100 KPa). 
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4.4.1 Contact angle  
Figure 4.15 represents water contact angle measurements in order to establish the 
hydrophobicity or hydrophilicity of the fabricated membranes (M0-M7). It was 
observed that modified membranes had a lower contact angle compared to the 
baseline PES. This was further observed in membranes with the lowest content of 
ZIF-8 (M2 and M4 membranes) whereby they showed the lowest contact angle, 
which resulted from the excellent hydrophilic properties of GO [214]. In general, 
membranes with GO or ZIF-8@GO composites showed a decrease with increasing 
content of the filler. This is attributed to the increased density of carboxyl, epoxy and 
hydroxyl groups being exposed on the surface of the membrane as filler content 
increased [240]. In the current scenario, with GO kept constant while ZIF-8 is 
increased (M4 to M7), it appears that the increasing ZIF-8 content had a negative 
effect on the water contact angle and flux rate (Figure 4.17). This is probably due to 
decrease in surface area (refer to Table 4.2) of the composites upon combining GO 
and ZIF-8, which lead to the coverage of hydrophilic functional groups on the surface 
of GO leading to this effect at high ZIF-8 content. ZIF-8 is known to be a hydrophobic 
type metal organic framework and hence this observation is justified [206].  
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Figure 4.16: Contact angle of (a) M0, (b) M1, (c) M2, (d) M3, (e) M4, (f) M5, (g) M6 
and (h) M7. 
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4.4.2 Water flux  
The pure water permeation flux (permeability) at different applied pressures is 
presented in Figure 4.17. At constant pressure, the permeation flux seems to track 
the water contact angle measured in the previous subsection, thus, the membranes 
with higher WCA are seen to also present higher flux. This is in line with the initial 
hypothesis as well as prevailing knowledge. The figure also shows that as the 
applied pressure was increased, the pure water flux for all prepared membranes 
(PES, GO, ZIF-8 and different ZIF-8@GO loadings) showed some increase. The 
permeability, i.e. the slope of pressure v/s flux, was not dramatic indicating that the 
base UF membranes have been transformed into NF type membrane on 
deposition/growth of thin film composite layer. The differences in the flux 
performance of the membranes containing different types of fillers, that is, GO, ZIF-
8 and ZIF-8@GO composites, is attributed to the overall TFC membrane 
hydrophilicity and additional water flow pathways [238]. The hydrophilicity has been 
the effects of addition of GO whilst additional flow pathways been the contribution 
from the porous ZIF-8. The observed flux behavior is in line with previous reports 
when fillers were introduced through the MPD component in the support UF 
membrane [172]. Thin film layer NF membrane without fillers gave the least water 
permeability of 2.8 L/m2.h (at the highest applied pressure) compared to modified 
TFC membranes which reached up to 7.9 L/m2.h at highest pressure (1100 KPa) 
used in line with reported findings [233].  
 
Membranes which were dominated by GO character (with less amount of ZIF-8), 
e.g.M2 (GO) and M4 (ZIF-8@GO 0.1:1), had the highest flux due to the following; 
(I) the addition of GO into thin film layer increased the hydrophilicity of the membrane 
surface, which can draw water molecules into the matrix through to the pores of the 
support UF membrane and thus aiding the water transportation through the 
membrane [241],  
(II) the addition of GO increase the pores of the support layer, contributing to an 
enhanced water flux and lowering transport resistance,  
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(III) the addition of inorganic fillers can further lead to enhanced water transport or 
passage through the inorganic filler-organic polymer matrix (GO/PA) discontinuity 
interphase defects [168].  
On the other hand, with the incorporation of ZIF-8, the ZIF-8@GO composite into 
the thin film membrane layer showed further aids in water permeability due to their 
highly porous structures and ultrahigh surface area  [242]. Notwithstanding this last 
attribute, the observed results indicated that as the content of ZIF-8 was increased, 
the observed permeate flux showed a declining trend. This is attributed to the 
increased hydrophobic character imparted by ZIF-8 and the decrease in exposed 
hydrophilic functionalities on GO which led to the overall decline in observed 
permeability in the modified membranes regardless of the excellent (porosity and 
surface area) ZIF-8 properties. Also both permeability and selectivity improved as 
the filler size increased, due to the lower degree of aggregation of the largest 
particles that may be less active owing to their smaller surface area (M0 and M4). 
The dominant hydrophobic character of ZIF-8 negated the positive physical 
attributes of the MOF thereby leading to an effective increase in water transport 
resistance. The dominant hydrophobic character corroborates the previous 
observation in decreased WCA as ZIF-8 content increased, the contact angle 
increases, therefore decreasing flux. Others have explained this behavior by 
speculating that increasing MOF@GO content leads to decreased interaction of 
PA chains and thus undermining or disrupting the polymer chain packing to a 
particular degree due to weak compatibility between organic and inorganic 
elements of the thin film layer, whereby the compactness of the selective layer 
decreased [228]. The observed trends in the flux behavior of the TFC NF 
membranes are therefore adequately explained by prevailing theory and 
expectations. 
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Figure 4.17: Pure water flux of (a) M0, (b) M1, (c) M2, (d) M3, (e) M4, (f) M5, (g) 
M6 and (h) M7. 
4.4.3 Solute rejection studies of the fabricated membranes  
The solute rejection of the membranes was assessed through the passage of water 
containing either salts of dye molecules. The first part details the salt rejection 
performance which is then followed by dye rejection results. 
 
4.4.3.1 Rejection of salts 
Membrane salt rejections of 50 ppm NaCl, MgCl2, and Na2SO4 are presented in 
Figure 4.18 represents the membrane salt rejection performance of M0-M7 obtained 
at a pressure of 900 KPa. The results showed that modified membranes (PA-TFC) 
gave better rejection for the salts compared to unmodified PES membrane in line 
with expectations [34]. The rejection performance of PA-TFC membranes to salt is 
controlled by both the Donnan and size exclusion effect since these are NF type 
membranes [243]. The fabricated NF membranes exhibited the highest rejection for 
multiatomic divalent SO42- (98% for M5) compared to monoatomic anions Cl- ions 
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(from both NaCl and MgCl2). This was ascribed to the combination of 
physicochemical properties of dense PA composite layer, i.e. size exclusion, [241] 
as well as the effect of the strongly negative charge of membrane surface towards 
divalent charge. In line with this, the rejection decreased when the monoatomic uni-
charged anion Cl-, assessed, i.e. smaller and less charged Cl- experienced relatively 
less resistance to pass than SO42-. It was also observed that as the concentration of 
ZIF-8 was increased in the ZIF-8@GO composites (M4, M5, and M6) the salt 
rejection increased for all the salt used (both mono and divalent ions). This might be 
due to an adsorptive characteristic of nanocomposite fillers which increase the 
interaction with salt ions leading to relatively increased, observed rejection as 
observed by ion concentration in the permeate  [244]. The trend in salt rejection was 
in the diminishing order: Na2SO4 > MgCl2 > NaCl, in line with discussions above. 
Therefore, the Na2SO4 solution with containing ions with relatively higher valence 
and size (Mg2+ or SO4 2-) ions were rejected more efficiently (>90% for NaSO4 and 
>80 for MgCl2) by the TFC NF membranes compared to solutions with smaller, 
monovalent chloride anions (NaCl at ca. 50%) [231]. This observed salt rejection 
behavior is typical of TFC NF membranes and therefore clearly indicate that the 
fabrication of the targeted membrane type was successful. 
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Figure 4.18: Salt rejection performance of the prepared membranes. 
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4.4.4 Dye rejection  
The dye rejection performance of fabricated membranes is shown in Figure 4.19. 
Two organic dyes, methyl orange (MO) and methyl blue (MB) with a molecular 
weight (MW) of 327.33 and 319.85 g/mol respectively, were used to assess the 
efficiency of the membrane towards dye rejection. The rejection tests for the dyes 
were conducted at a concentration of 100 ppm for all the eight membranes [37]. MB 
is a cationic (positively charged) dye and it is hydrophilic in nature while MO is 
anionic (negatively charged) dye and hydrophobic in nature. It was observed that all 
PES membranes incorporating the GO-based fillers had high removal (>95%) for 
both dyes.  Irrespective of the nature of the two dyes, both were rejected by the 
functionalized membranes further confirming the NF nature of the membranes. 
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Figure 4.19: Dye rejection performance of the prepared membranes. 
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4.4.5 Fouling 
Membrane fouling remains one of the biggest obstacles for efficient operation of 
membranes. Fouling phenomena can significantly reduce the efficiency of the 
membrane as it leads to blockage of pores resulting in cake formation on the surface 
of the membrane. In addition, this will cause numerous negative effects such as flux 
decline, concentration polarization, possible lower permeate quality, frequent 
cleaning, high operation cost, and membrane degradation. Fouling propensity, i.e. 
antifouling behavior, of PES, PA-TFC, GO, ZIF-8 and ZIF-8@GO composites 
membranes were evaluated by measuring the recovery of pure water flux before 
and after the fouling of the membrane with 1000 ppm of Bovine Serum Albumin 
(BSA) solution. Relatively sharp flux decline was observed (Figure 4.20) for the 
pristine PES membrane during BSA filtration indicating its high affinity for the 
hydrophobic solute [214]. Membranes incorporated with the nanocomposites 
showed that as the concentration of fillers embedded in the thin polyamide layer was 
increased, the adsorption of BSA decreased. The surface charge, and roughness 
played an important role in the lowering the adsorption affinity of the membranes 
towards BSA. These results are in line with the surface roughness results obtained 
captured in Table 4.5 as well as the measured WCA (hydrophilic character) of the 
membranes. The inclusion of the nanocomposites, therefore, had a beneficial effect 
on the fouling behavior of the fabricated membranes (Figure 4.21) which promises 
future membrane use in real situations.   
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Figure 4.20: Water flux recovery ratios. 
 
The flux recovery ratio (FRR) represented in Figure 4.20 of the pristine M0 declined 
after the membrane was washed with distilled water, indicating that higher residual 
BSA molecules were left on its hydrophobic surface. The PA-TFC membrane 
(without nanofillers) showed a sharp drop (to 50%) in flux after membranes were 
fouled. This increased slightly to 63% after the membranes were cleaned 
representing a low FRR value [168]. However, for the membranes incorporated with 
GO, the FRR was above 70%, therefore, confirming their high fouling resistance. 
The FRR for GO, 0.1 and 0.9 incorporated membranes is more than 80% of its initial 
flux of BSA filtration tests. These results demonstrate the high antifouling property 
of M1-M7 membranes incorporated with nanofiller composites which are attributed 
to higher hydrophilicity, surface charge, and surface roughness. The hydrophilic and 
negatively charged surface of thin film composite membranes enhanced its fouling 
resistance against the attachment of negatively charged fouling agents and delayed 
the fouling of the membrane surface. Roughness parameters obtained by AFM 
analysis (Figure 4.14) can also explain the trend observed in the antifouling property 
of the membranes. The surface roughness of M0, M2, and M4 was higher than those 
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of ZIF-8@GO-incorporated membranes (Table 4.5) therefore making them prone to 
fouling through the accumulation of solutes in the surface ‘‘valleys” [236]. 
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Figure 4.21: Permeate flux decline during BSA filtration of the prepared NF 
membranes. 
The fouling of the membrane on the surface or inside its pores is assessed using 
parameters such as reversible, irreversible and total fouling [245]. The difference 
between these parameters is based on how foulants interact or attached to the 
surface of the membrane. This is an important evaluation to measure the water flux 
recovery potential as well as fouling propensity. Reversible fouling occurs when 
foulants are loosely bounded to the membrane and can be removed through a 
sufficient shear force or backwashing. However, it’s a different case with irreversible 
fouling since the fouling agents are tightly attached to the membrane surface and 
can only be removed by chemical cleaning [236], [246], [247]. Figure 4.22 
represents reversible fouling ratio (Rr), irreversible fouling ratio (Rir) and total fouling 
ratio (Rt) for all the fabricated membranes. These results revealed that Rt of the 
pristine PES is higher than that of the modified PA-TFC membranes. Also, Rir of 
PES is much higher whereas that of modified PA-TFC sharply declined to 12%. 
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These results can be explained further that modified membranes have high 
antifouling properties due to the attachment of GO and ZIF-8 functional groups on 
the surface of PA-TFC membranes [248]. 
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Figure 4.22: Fouling resistance ratio of M0-M7 membranes. 
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CHAPTER 5 
SUMMARY AND CONCLUSIONS 
_________________________________________________________________ 
5.1 Conclusions 
Based on the aforementioned aims and objectives of this study, it can be concluded 
that this study was successfully achieved, afterwards a few conclusions and 
recommendations can be drawn.  
 The thin film polyamide layer was successfully grown on the surface of PES 
support substrate via interfacial polymerization method. Characterizations 
techniques such as (SEM-EDX, AFM, ATR-FTIR) confirmed the formation of 
the polyamide thin layer upon MPD and TMC loading. The techniques also 
revealed that the modified membrane composites possess ridge-valley and 
noodle morphology with better surface roughness than pristine PES 
 The synthesized nanomaterials (GO, ZIF-8, ZIF-8@GO composites) were 
characterized by SEM, TEM, XRD, FTIR, Raman, BET, TGA to confirm their 
morphology, functional groups, surface area, thermal stability and successful 
synthesis above all. The TFC membranes incorporated with the above 
mentioned nanomaterials displayed a better flux and rejection performance 
because of their exceptional properties.  
 The negatively charged PA-TFC/GO and ZIF-8@GO membranes 
experienced the highest rejection of more than 90% for multivalent SO42- as 
compared to monovalent NaCl and divalent MgCl2 which is ascribed to the 
combination of physicochemical properties of dense PA layer, i.e. size 
exclusion, and negative charge on the membrane surface. The decreased 
rejection observed for NaCl and MgCl2 solutions might be due to their relative 
smaller sized ions as well as lower change leading to a higher permeation of 
the solutes.
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 Contact angle, water intake capacity and flux analysis revealed that varying 
concentrations of composite nanomaterials have a positive impact on the 
membrane hydrophilicity of the membrane.  
 Composites incorporated membranes showed higher removal of dyes as the 
concentration of ZIF-8@GO filler increases. These was due to negatively 
charged organic dyes with larger molecular weight were well rejected by the 
negatively charged TFC membranes as the result of both electrostatic 
repulsion and the stronger of steric hindrance effect.  
 
 Membranes with lower surface roughness displayed a better fouling 
propensity than pristine PES and TFC membranes.    
 
5.2 Recommendations 
 The findings of the report has identified that incorporating ZIF-8@GO into 
polyamide layer of PA-TFC NF membranes enhanced antifouling capabilities 
and membrane permeation. Therefore the ZIF8@GO TFC membranes 
should be assessed against real wastewater application. 
 More research needs to be done to better understand the mechanism for 
solute rejection by the ZIF8@GO composites incorporated in the thin film 
polyamide layer. 
 Factors that might impact the stability of ZIF-8@GO composites such as 
operating pressures and pH also need to be investigated. 
 Investigate the roles played by nanomaterials when incorporated into 
polyamide layer through dispersing into organic or aqueous phase. 
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APPENDIX A 
Table A1: Flux results for M0-M7 membranes. 
Operating 
pressure 
                                        Flux (L.m-2.h-1) 
 
M0 M1 M2 M3 M4 M5 M6 M7 
700 
800 
900 
1000 
1100 
0.11 
0.15 
0.19 
0.23 
0.25 
1.7 
2.0 
2.2 
2.5 
2.8 
6.0 
6.1 
6.3 
6.35 
6.38 
2.8 
3.0 
3.1 
3.3 
3.5 
7.4 
7.45 
7.6 
7.65 
7.9 
4.2 
4.3 
4.35 
4.4 
4.5 
5.7 
5.9 
6.0 
6.1 
6.25 
4.8 
5.0 
5.2 
5.3 
5.4 
 
Table A2: Contact angle results for M0-M7 
Membranes Contact angle (⁰) 
M0 
M1 
M2 
M3 
M4 
M5 
M6 
M7 
83.09 
69.25 
52.89 
62.22 
19.84 
50.84 
33.59 
47.39 
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Table A3: Salt rejection of M0-M7 
Membranes                                   R (%) = 𝟏 −
𝑪𝒑
𝑪𝒇
× 𝟏𝟎𝟎 
MgCl2 NaCl Na2SO4 
M0 
M1 
M2 
M3 
M4 
M5 
M6 
M7 
42.62 
63.06 
83.23 
77.46 
85.63 
90.90 
91.00 
82.72 
40.00 
46.98 
59.29 
36.55 
65.59 
51.35 
55.08 
52.42 
53.03 
80.10 
89.00 
76.61 
90.42 
98.00 
94.94 
90.00 
  
Table A4: Water flux recovery ratios of M0-M7. 
Membranes Jw,1 Jw,2 Jp FRR(%) =  
𝑱𝒘𝟐
𝑱𝒘𝟏
×100 
M0 
M1 
M2 
M3 
M4 
M5 
M6 
M7 
0.97 
2.69 
5.38 
3.67 
6.12 
4.41 
5.14 
4.89 
0.31 
1.42 
4.69 
2.43 
5.38 
3.18 
4.11 
3.87 
0.26 
1.07 
3.91 
1.93 
4.40 
2.45 
3.43 
3.06 
32 
53 
86 
66 
88 
72 
75 
79 
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Table A5: Fouling resistance ratio of M0-M7 membranes 
Membranes Rt(%) = (𝟏 −
𝑱𝒑
𝑱𝒘𝟏
) ×
𝟏𝟎𝟎 
Rr(%) = (
𝑱𝒘𝟐−𝑱𝒑
𝑱𝒘𝟏
) ×
𝟏𝟎𝟎 
Ri (%) = (
𝑱𝒘𝟏−𝑱𝒘𝟐 
𝑱𝒘𝟏
) ×
𝟏𝟎𝟎 
M0 
M1 
M2 
M3 
M4 
M5 
M6 
M7 
73 
60 
27 
47 
28 
44 
33 
60 
5 
13 
14 
14 
16 
17 
13 
39 
68 
47 
33 
13 
12 
27 
20 
21 
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Table A6: Permeate flux versus time during BSA filtration  
 
Time 
                                        Flux (L.m-2.h-1) 
 
M0 M1 M2 M3 M4 M5 M6 M7 
10 
20 
40 
60 
80 
100 
120 
140 
160 
180 
1 
0.99 
0.88 
0.8 
0.76 
0.7 
0.65 
0.6 
0.59 
0.48 
 
1.019 
1.015 
1.01 
1.0095 
1.0092 
1.0088 
1.0081 
1.0074 
1.0062 
1.0052 
 
1.15 
1.099 
1.095 
1.081 
1.06 
1.05 
1.04 
1.032 
1.028 
1.021 
 
1.05 
1.03 
1.025 
1.02 
1.018 
1.015 
1.012 
1.01 
1.009 
1.005 
 
1.3 
1.29 
1.288 
1.283 
1.279 
1.273 
1.265 
1.26 
1.24 
1.22 
 
1.2 
1.16 
1.13 
1.1 
1.088 
1.076 
1.07 
1.065 
1.06 
1.045 
 
1.3 
1.205 
1.208 
1.206 
1.202 
1.199 
1.19 
1.17 
1.15 
1.125 
 
1.22 
1.219 
1.217 
1.214 
1.212 
1.2 
1.195 
1.191 
1.188 
1.185 
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Table A7: Rejection of methylene blue at a wavelength of 580 nm 
Membranes Initial 
concentration 
Final 
concentration 
Rejection (%) 
M0 
M1 
M2 
M3 
M4 
M5 
M6 
M7 
7.32177 
5.18172 
0.13714 
0.47074 
0.10154 
0.08769 
0.22441 
0.59954 
 
98.68908 
98.68908 
98.68908 
98.68908 
98.68908 
98.68908 
98.68908 
98.68908 
 
92,58 
94,72 
99,86 
99,52 
99,89 
99,91 
99,77 
99,38 
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Table A8: Rejection of methylene orange at a wavelength of 480 nm 
Membranes Initial 
concentration 
Final 
concentration 
Rejection 
M0 
M1 
M2 
M3 
M4 
M5 
M6 
M7 
18.38425 
0.89338 
0.06095 
4.24460 
0.13796 
0.16498 
0.80120 
3.6799 
 
98.2121 
98.2121 
98.2121 
98.2121 
98.2121 
98.2121 
98.2121 
98.2121 
81,23 
99,01 
99,93 
95,68 
99,86 
99,83 
99,19 
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